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This severe thunderstorm, caused by the passage of a cold- 
| front across Idaho, sent hundreds of lightning strokes hurtling 
| to the ground beneath as it traveled over the country. (See p. 8.) 
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HE display of lightning’s mighty force makes 

one feel small and insignificant, and impresses 

him with the thought that man could never 

control it. Many an operator of a public- 
utility system has experienced these sensations while 
endeavoring to maintain service that was in danger 
of being interrupted by the storm. 

In the belief that ‘‘something could be done about 
it” to improve electrical service, lightning research 
has been carried on actively for years. Much 
progress has been made in studying the effects of 
laboratory lightning on apparatus, yet it was not until 
1923, when the cathode-ray oscillograph with internal 
photography was introduced, that it became possible 
to make measurements of wave form. In August of 
that year, the impulse generator and the oscillograph 
working together yielded the first record to he 
obtained of a single transient—a volt-ampere charac- 
teristic of a pellet lightning arrester. The ability to 
measure the wave form gave great impetus to the 
whole problem of lightning investigation. 

In 1924, the klydonograph was introduced as a 


means of recording in an inexpensive manner the 


voltage of transients which appear on transmission 
lines. The following year, the Marx circuit was 
described and this made possible a simple method 
of charging the capacitors of the impulse generator 
in parallel and discharging them in series. These 
developments resulted in two lines of investigation, 
which immediately were undertaken. 
~ One line of investigation was to determine just 
what was happening on transmission lines during 
lightning storms, and in the years following 1924, 
klydonographs and surge-voltage recorders were 
installed on many systems and furnished many valu- 
able data. At the same time, portable impulse gener- 
ators were built using the Marx circuit, which, with 
the cathode-ray oscillograph, made possible a study 
of waves traveling over transmission lines and the 
effect of those waves on terminal impedances. 
Meanwhile, data were being obtained in the lab- 
oratory as to the impulse flashover or breakdown 
characteristics of insulators, transformers, lightning 
atresters, and other apparatus. Further improvements 
in cathode-ray oscillograph circuits and technique 
made possible, in 1928, field laboratories equipped 
with cathode-ray oscillographs to record automati- 
cally the wave shape of transients due to lightning. 
_ More recently, the emphasis has changed, because 
it became evident that the magnitude of current was 
of great importance, for the direct stroke had become 
recognized as the important source of trouble on 
high-voltage lines during lightning storms. The de- 
velopment of the magnetic-link method of measuring 
currents has been most successfully applied to trans- 
Mission tower legs, and within the last year or two 
to ground wires and counterpoises. Tower currents 
from many direct strokes have been measured in this 
manner. 
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Although lightning investigations have been associ- 
ated largely with high-voltage transmission lines, 
the importance of knowledge of the performance of 
distribution circuits has not been lost sight of. 
First in Chicago in 1930, with the surge-voltage 
recorder, and later, beginning in 1934 in three addi- 
tional locations, using magnetic links to measure 
lightning currents in the ground leads of lightning 
arresters, much valuable information has been 
accumulated with reference to distribution circuits. 
Field tests with cathode-ray oscillograph and impulse 
generator have been made, and largely because of the 
results of these field investigations interconnection 
is now widely practiced with beneficial results. 

Theoretical studies have kept pace with those in 
the field and laboratory, and have played an im- 
portant part in the solution of many problems, so 
that engineering calculations of protection to lines 
and apparatus may be put upon the sound basis of 
theory, test, and practice. 

More than a decade of this investigation is now . 
behind us, and it seems wise to take stock of the 
accomplishments of the past to determine our course 
for the immediate future. The ground wire, which 
fifteen years ago was in a doubtful position, is today. 
firmly established as a reliable protective means. 
The importance of low tower-footing resistance and 
means for obtaining it are now firmly established. 
Curves have been obtained of the frequency of 
occurrence of currents of different magnitudes, both 
for high-voltage lines and for distribution circuits. 

The impulse characteristics of lightning arresters, 
transformers, insulators, gaps, and the effects of 
various terminal impedances are now well known. 
Methods of measurement in laboratory and _ field 
are now sufficiently advanced so that a reasonably 
close agreement between different investigating groups 
can be reached and the results applied with confidence. 
The results obtained from these investigations 
have made possible a degree of co-ordination which 
was considered impossible before. Standards have been 
prepared and others will undoubtedly result from 
these studies. 

During the past fifteen years many investigations 
have been reported, both here and abroad, giving 
rise to a wealth of material for the specialist, but 
much too detailed and voluminous for the protection 
engineer. Therefore, a series of articles have been 
prepared with the purpose of bringing together in 
the REVIEW the important conclusions of the work 
of the past with sufficient supporting data to make 
the articles self-contained. These have been prepared 
by specialists, having in mind the desirability of in- 
cluding material which will be of greatest value to engi- 
neers interested in the protection of power systems. 

Although many details of the whole problem yet 
await complete understanding, the solution of protec- 
tion problems is now on a sound engineering basis. 

K. B. McEACHRON 
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The Thunderstorm 


Theories of thundercloud electrification — Field measurements — Characteristics of 
thunderstorms — Causes of storm formation and maintenance — 
Predictions — Applications of thunderstorm knowledge 


By E. A. EVANS and 


Lightning Arrester Engineering Dept. 


K. B. McEACHRON 
High-voltage Engineering Laboratory 


Pittsfield Works, General Electric Company 


N THIS article the writers have attempted to 


gather together in one place sufficient informa- 


tion on the electrification of thunderclouds, the 


causes of their formation, and their characteristics, 


to give engineers a general understanding of the 
thunderstorm. To this end the writers have drawn 
on their own personal experiences in field studies of 
lightning and have selected and interpreted the ideas 
of a number of investigators who have presented their 
findings in numerous publications, many of which are 
not easily accessible to the average engineer. In a 
number of instances, additional field data have been 


added to round out or corroborate the findings and 


deductions of previous investigators. The characteris- 


‘tics of actual thunderstorms are described to amplify 


the conceptions obtained from descriptions of ‘‘ideal’’ 
models which, for ease in understanding their opera- 
tion, necessarily have to be simple. Finally an explana- 
tion is given as to how a knowledge of the characteris- 


tics of thunderstorms and of the factors affecting their 


formation and travel can be applied in lightning 
protection problems. 


Electrical Picture of the Thunderstorm 

It is desirable first to review briefly the operation of 
the thundercloud generator before explaining its 
formation and characteristics. As a helpful picture of 
this generator, the lower part of a thundercloud can be 
visualized as one plate of a physically huge condenser, 
the air as the dielectric, and the ground, or another 
part of the cloud, as the other plate. It must not be 
forgotten that the cloud is not a conductor but con- 
sists of a multitude of poorly conducting water drop- 
lets suspended in an insulating medium, the air. The 
charge of the cloud is not distributed on its surface as 
on the plates of a metallic condenser, but is a volume 
charge distributed on water droplets and air ions 
throughout considerable regions in the cloud. 

The cloud charge attracts to the ground beneath 
and near it an equal amount of charge of opposite 
sign. Between the charge on the cloud and the charge 
on the ground an electrical field exists just as between 
the charges on the plates of any other condenser. This 
field increases as the generation process goes on within 
the cloud. When the field reaches a certain critical 
value a discharge between cloud and earth takes place. 


HOW THUNDERCLOUDS BECOME ELECTRIFIED 

It is certain that the electrification of thunder- 
clouds is Closely connected with the turbulent convec- 
tion systems which form them. This was very evident 


during an intensive two-year field study™ of thunder- 
storms made from a mountain top in Colorado by 
one of the writers of this article. In the course of 
some three hundred storms there were numerous 
occasions when the shape and nature of the storm 
cloud and its electrical activity were plainly visible at 
the same time. Clouds with dense well-developed 
heads, showing evidence of: violent internal convec- 
tion systems through many and continually changing 
surface protuberances, were practically always active 
electrically. On the other hand, clouds which did not 
indicate the presence of such convection systems were 
not electrically active. 

The exact manner in which these convection cur- 
rents take part in the electrification of thunderclouds 
is not completely known. That they separate the small 
rain drops and cloud particles from the large rain 
drops, and that by doing so they separate positive 
and negative electricity within the cloud, is generally 
agreed. But whether they cause the electrification of 
the rain drops by breaking them up, or by bringing 
them into contact with each other while they are 
polarized and then separating them again, or by help- 
ing to bring positive and negative air ions in contact 
with polarized rain drops, is a controversial subject. 
The three best known theories of thundercloud electri- 
fication, each involving one of the foregoing methods 
of electrification, will now be described. 


Simpson’s Breaking-drop Theory 

Simpson’s) breaking-drop theory of thunder- 
cloud electrification is probably the best known and 
most generally accepted. In this theory, a major role 
is played by violent upward air currents, which, for 
reasons to be explained later in the section on ‘‘Causes 
of Thunderstorm Formation,’ exist in active ¢thunder- 
storms. These upward air currerts carry up moisture 
which condenses as it rises. The condensing water 
vapor combines into drops. When these attain a size 
and weight such that the force of gravity can cause 
them to move against the rising air currents, they fall. 
Joining with other drops as they fall, they grow larger 
and af increasingly greater number of them are 
broken up by the action of the upward air currents. 
The largest drops finally approach a limiting size, 
which according to Lenard™ is about half a centimeter 


Evans, Stanford University thesis, October 1932. 
(2)‘‘Electricity of Rain and Its Origin in Thunderstorms,” by G. C. 
Simpson, Philos. Trans. Royal Soc., Ser. A, vol. 209, 1909, pp. 379-413. 
(3)‘‘The Mechanism of a Thunderstorm,’’ by G. C. Simpson, Prec. 
Royal Soc., Ser. A, vol. 114, 1927, pp. 376-401. 
(4)‘Ueber Regen,” by’P. Lenard, Meteorological Zeitschr, vol. 21, 1904, 
49. 


(1)'‘A Study of the Mechanism of the Highening Discharge,” by E. A, 
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in diameter. Drops larger than this are unstable 
and soon break up into many small droplets surround- 
ing a rather large center drop. 

In the breaking of rain drops lies the electrification 
process of thunderstorms according to Simpson, for he 
believes (and has advanced laboratory experiments 
supporting his belief) that, when the drops break, 
negative ions are released into the air while the water 
drops become positively charged. The negative ions 
joining with minute cloud particles are carried upward 
at the velocity of the air currents and are thus quickly 
removed from the vicinity of the positively charged 
rain drops. The rain drops are also carried upward 
but at a slower rate until by recombination they 
again become iarge enough to fall. In falling they 


continue to grow until they break up again. This 


liberates more negative ions into the air and leaves a 
higher positive charge on the rain drops. 


Kilomelres. 
es a AEG ON ®) © 


they show that as storm clouds pass overhead the 
falling rain consists first of large drops charged 
positively; next of a mixture of negatively charged 
and positively charged rain; and, finally, a steady 


downfall of moderate to small-sized negatively . 


charged drops. 


Elster and Geitel’s Influence Theory 

Elster and Geitel©'\® have postulated a very 
different theory of cloud electrification, in which the 
upward air currents of thunderstorms play as promi- 
nent a part as in Simpson’s theory. In arriving at an 
understanding of their theory, one can visualize the 
carrying up of atmospheric moisture by the upward 


air currents, the formation of drops, their combination 


and their fall much as described in Simpson’s theory. 
Since the earth is normally negatively charged, a 
separation of electricity will occur on each water drop 


¢ thosirs ve 


(Courtesy af the Royal Soctety of London) 


Fig. 1. Distribution of electrical charge in a heat thunderstorm. (Simpson) (3) 


So the electrification process goes on. More and 
more negative ions are liberated and transported to 
the upper and rear regions of the thunderstorm. The 
rain drops acquire a higher and higher positive charge 
and accumulate in the lower part of the cloud in a 
restricted region. The location of this region is deter- 
mined by the velocity of the upward air currents; for, 
since the largest drop which can exist can be supported 
by an air column moving upward at a velocity of eight 


“meters per second, no rain can fall through regions 


where the air movement is equal to or greater than 
that velocity. 

Thus Simpson) arrives at the thunderstorm model 
reproduced in Fic. 1. In this diagram, positively 
charged water drops accumulate in region B above the 


region where air velocities are eight meters per second - 


or more (indicated in the illustration by an ellipse at 
the base of region B). The negative charge is distrib- 
uted as shown over a much larger region of the cloud 
in the upper part and throughout most of the body of 
the cloud. 

Simpson’s measurements of the charge on rain 
drops are in agreement with his conception in that 


by induction even though it is remote from the earth. 
The bottom of the drop will be positively charged 
and the top negatively charged. As the large drops 
fall through the upward moving air stream, smaller 
drops being carried upward come in contact with the 
lower surface of the large drops. As the negative top of 
each droplet contacts the positive bottom of a larger 
drop, an exchange of charge occurs. The smaller 
droplet gains a positive charge while losing an equal 
amount of negative charge to the larger drop. The 
smaller drops continue their upward journey gaining 
positive charge at each contact while the larger drops 
proceed downward gaining negative charge as they 
go. Thus an accumulation of negative charge occurs 
near the bottom of the cloud while the upper region 
becomes positively charged. This theory is of interest 
in view of the fast accumulating evidence™ that a 
very large majority of the discharges to transmission 
lines are from negatively charged clouds. 

(5)‘*‘Bemerkungen Ueber den Electrischen Vorgang in den Gewitter- 
wolken,’’ by Elster and Geitel, Wied. Ann., vol. 25, 1885, p. 116. 

(6)**On the Origin of Precipitation Electricity,’ by H. Geitel, Physika- 
lische Zeitschrift, vol. 17, 1916, p. 455. 


(7)‘*Lightning Investigation on Transmission Lines: V,"’ by W. W. Lewis 
and C. M. Foust, A.I.E.E. Trans., vol. 54, 1935, pp. 934-942, 
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 ¢. T. R. Wilson's Theory 


oT. :R. Wilson®)® has suggested still another 
eieoty of thundercloud electrification. He explains his 
theory by following the progress of the water drops 


through the rising air currents of the thunderstorm 
: and attributes their electrification to contact with 


air ions. ’ : 
There.are normally present in each cubic centimeter 


of the atmosphere about 1000 positive and 800 nega- 


‘tive “small” ions“) having mobilities of about a 


centimeter per second under the action of a field of a 
volt per centimeter, as well as 1000 to 60,000 “large” 
ions of much smaller mobilities. These ions are, ac- 
cording to Wilson, greatly increased in number in 


q thunderclouds by ionization attending the strong 


electrical fields in such clouds. The positive ions travel 
toward the negatively charged earth with a velocity 
dependent upon the field strength in the region 
through which they are passing. Similarly, the nega- 
tively charged ions travel away from the earth. 
Wilson points out that the rain drops falling or 
rising in the air currents of the thunderstorm must 
meet many such ions. However, for the electrification 
to start it is necessary to consider, as in the Elster 


and Geitel theory, the separation of charge in drops 


due to the effect of the field of the earth. Since the 
earth is negatively charged, these drops must be po- 
larized with their lower surface positively charged and 
their upper surface negatively charged. Drops falling 


toward the earth faster than the velocity of positive 


ions in that direction will not be overtaken by them. 
They therefore cannot acquire a positive charge 
through attraction of such positive ions to the upper 
negatively charged surface of the drops. On the other 
hand, the positive ions which the drop catches up 
with in-its fall will be repelled by the positive charge 


on the lower surface of the drop and so cannot contact 


it. Negative ions, however, which the drop meets will 
be attracted to the lower surface of the drop. The 
larger faster-falling drops by repeated contacts with 
negative ions thus become negatively charged. As 
they accumulate in the lower part of the cloud, their 
field adds greatly to that of the earth in polarizing 
the drops above them and thus aids in the electrifica- 
tion process. Drops falling more slowly than the posi- 
tive ions will be overtaken by them. The positive ions 
will be attracted to the upper negatively charged 
surface of the drops. By repeated contacts these drops 
will thus become charged positively. Smaller droplets 
carried upward by the air currents will likewise be- 
come chargéd positively. Thus Wilson conceives that 


_ the upper region of a cloud becomes positively charged 


and the lower region negatively charged. 
Wilson explains the discrepancy between the 


apparent preponderance of clouds with negatively 


charged bases and Simpson’s measurements which 


(8)“Investigations on Lightning Discharges and on the Electrical Field of 
Thunderstorms,” by C. T. R. Wilson, Philos. Trans. Royal Soc., Ser. A, 
vol. 221, 1920, pp. 73-115. : 

(°)‘Some Thundercloud Problems,’’ by C. T. R. Wilson, Jour. Frank. 
Inst., vol. 208, July 1929, pp. 1-12. 

(1°)Hess, V. F.: The Electrical Conductivity of the Atmosphere and Its 
Causes, D. Van Nostrand Company, New York, 1928. 


show a preponderance of positively charged rain from 
thunderclouds by reasoning similar to that just given. 
He points out that water drops below the negatively 
charged base of the cloud will be polarized with their 
tops positive and their bottoms negative. This 
follows since the negative cloud field will be much 
stronger than that of the earth. Falling drops will 
thus attract to their negative undersurfaces the 
upward moving positive ions. Drops which are nega- 
tively charged when they leave the cloud therefore 
may become positively-charged during their passage 
to earth. 


Comparison of Thunderstorm Theories 
To facilitate comparison of the three theories 
outlined, they are summarized in Table I. Of these 
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Fig. 2. Distribution of electrical charge in a thunderstorm. 
(Banerji) (18) 


theories the breaking-drop theory appears to be the 
most attractive. Profuse breaking of rain drops 
must occur in the violent convection systems known to 
be present in thunderclouds. Laboratory experiments - 
have proved that when drops are broken up in an air 
stream they become electrified. It is natural to infer 
that a similar action on a very large scale occurs in 
TABLE I 
COMPARISON OF THEORIES OF THE ELECTRIFI- 
_ CATION OF THUNDERSTORMS 


as CLOUD POLARITY 
Electrifying wa 


Author of 
Theory Process Agents Upper | Lower 
Pole Pole 
Simpson |Breaking of rain}Wind and gravity} — ++ 
drops 


Elster and/Contact and sep-/\Wind, gravity, 
Geitel aration of po-| earth’s electric 
larized rain} field, electric) +4 ae 
drops field due to 
charged regions 
in the cloud 
Wilson Selective contact}Wind, gravity, 
of polarized] earth’s electric 
raindropswith| field, electric 
air ions field due to 
charged region 
in cloud, attrac- 
tion and repul- 
sion between air] 
ions and polar- 
ized rain drops 


thunderclouds. Yet, there is one serious discrepancy. 
This is that laboratory experiments indicate that the 
water drops become positively charged. in breaking, 
and that therefore the lower most active region of 
the thundercloud should be a region of positive charge 
concentration. This is in direct disagreement with 
measurements of the polarity of lightning-discharge 
currents through transmission-line towers, which 
indicate that a very high percentage of strokes striking 
transmission lines are from negatively charged clouds. 
While, as Lewis and Foust“ have suggested, there 
is a possibility that the transmission towers and lines 
may exert a directive action on strokes when the 
clouds are negatively charged and thus cause the high 
percentage of negative strokes to towers, still the dis- 
crepancy is so great that for the present the breaking- 
drop theory, in spite of its attractiveness, cannot be 
completely accepted. 


Fig. 3. Lightning discharges from adjacent positive and negative 
centers at the front of a thunderstorm. (Jensen) (15) 


It is probable that all three of the electrifying proc- 
esses embodied in the theories described account in 
part for the electrification of thunderclouds. Which 
of them is the most important, however, cannot be 
decided from our present knowledge. As R. A. Watson 
Watt has pointed out, the difficulties involved in 
obtaining accurate information on the processes 
going on in thunderclouds are tremendous, and it is 
probable that it will be a long time before sufficient 
knowledge can be obtained to solve the problem. 


Banerji’s Thunderstorm Model 

Banerji)“ has proposed a thunderstorm model, 
shown in Fic. 2, in which a region of high negative 
charge concentration precedes a region of high positive 
charge concentration, at the front of the cloud. 
Jensen has photographed lightning discharges while 
recording the instantaneous field changes caused by 


(11)‘‘Lightning Investigation on Transmission Lines: III,’’ by W. W. 
Lewis and C. M. Foust, A.J.E.E. Trans., vol. 52, 1933, pp. 475-480. 

- (1)‘*The Present Position of Theories of the Electricity of Thunder- 
storms,’’ by R. A. Watson Watt, Quar. Jour. Royal Meteorological Soc., 
vol. 57, 1931, pp. 133-142. 

(18)‘*The Electrical Field of Overhead Thunderclouds,’ by S. K. 
Banerji, Quar. Jour. Royal Meteorological Soc., vol. 56, 1930,. pp. 305-331. 

(4)“*The Electrical Field of Overhead Thunderclouds,” by S. K 
Banerji, Philos. Trans. Royal Soc., Ser. A, vol. 231, 1932, pp. 1-27. 


‘them. His results appear to favor Banerji’s storm 
model. Fic. 3 is a composite picture, taken by 
Jensen,“ showing two discharges half a minute 
apart at the front of a storm. The cloud is moving 
from left to right. The discharge to the right was 
from a negatively charged region in the cloud while 
the one to the left was from a positively charged 
region. This isin agreement with Banerji’s prediction. 


Electrical Field Records 
Measurements of the electrical fields of thunder- 


storms have added considerably to our understanding | 


of the operation of the thundercloud as an electrical 
generator. Several investigators )(4)(6-20) have ob- 


tained records by different methods in the United © 


States, England, India, South Africa, Japan, and 


Sweden, all showing the same general type of genera-’ 


tion curve. A typical record obtained by Wilson®) is 
shown in Fic. 4. This shows the regeneration of the 
electrical field between a cloud and the earth after a 
stroke. The curve reminds one of the charging curve 
of a condenser. In other words, the regeneration of 


fu 
fe) 
3° 
° 


Minutes 


+ 
i 
te) 
oO 
oO 


Cloud-earth field strength 
volts per meter 
fo) 


Fig. 4. Regeneration of the electrical field between a cloud and 
the earth after a lightning discharge. (Wilson) (8) 


charge is much more rapid at the beginning and 
decreases with increase in the amount of electricity 


accumulated in the charged region. This is contrary 


to what would be expected if the separation of elec- 
tricity by the air currents continued unhindered. In 


such a case a straightline increase of charge, and 


therefore of electric field, would be expected. 


Wilson has advanced two reasons for the shape of 


the charging curve. The first corresponds to the 
counter-electromotive force principle which deter- 
mines the shape of the charging curves of condensers. 
As the electrical field between the two charged regions 
of the cloud increases, greater and greater opposition 
is offered to the movement of the larger drops toward 
lower levels of the cloud and of the smaller drops 
toward upper regions. This is obvious because the 
negative charge in the lower regions of the cloud repels 
the large negatively charged drops while the positive 
charge of the upper regions attracts them. Similarly 
the small positively charged drops being carried up 
by the air currents are repelled by the charge at the 


(15)‘‘The Branching of Lightning and the Polarity of Thunderclouds,”’ 
by J. C. Jensen, Jour. Frank. Inst., vol. 216, December 1933, pp. 707-748. 

(18)‘*The Electric Fields of South African Thunderstorms,’ by Schon- 
land‘and Craib, Proc. Royal Soc., Ser. A, vol. 114, 1927, pp. 229-243. ° 

(17)‘*Polarity of Thunderclouds,” by E. C. Halliday, Proc. Royal Soc., 
Ser. A, vol. 138, 1932, pp. 205-229. 

(18)‘‘Currents Carried by Point Discharges Beneath Thunderclouds,”’ 
by T. W. Wormell, Proc. Royal Soc., Ser. A, vol. 115, 1927, p. 443; also 
‘Vertical Electrical Currents Below Thunderstorms and Showers,” by T. W. 
Wormell, Proc. Royal Soc., Ser. A, vol. 127, 1930, pp. 567-590. 

(19)“*Electric Thunderstorm |Field Researches,” by H. Norinder, 
Electrical World, vol. 83, February 2, 1934, pp. 223-226. 

(70)“‘Charges of Thunderclouds,’’ by Nukiyama and Noto, Japanese 
Journal of Astronomy and Geophysics, vol. 6, 1928, pp. 71-81. 


e cloud and attracted by that in the lower 
e cloud. This opposition of course increases 
in proportion to the increase in field as the centers of 
charge are replenished. The second reason advanced 
by Wilson for the lower rate of field increase as the 
charge builds up is the greater dissipation of energy 


top of th 
part of th 


| due to local ionizations in the intense fields about 


charged regions as their voltages are increased. 
Summarizing, electrical field measurements graphi- 


cally show the separation of charge and its accumula- 


tion in limited regions in the cloud; show how this 
charge is removed or neutralized by a lightning 
stroke; and show how after a stroke the electrification 
process builds up the charge again to the value neces- 


gary to cause another discharge. 


CHARACTERISTICS OF THUNDERSTORMS 
Single Thunderstorms 
Upon the approach of a thunderstorm, strong gusts 
of wind are frequently experienced blowing from the 
storm toward the point of observation. In the dis- 
tance, heavy rain can be seen falling with frequent 


‘lightning discharges occurring near the front of ther 


rain area, as in Fic. 5. On the nearer approach of the 
storm, a scattered fall of large rain drops or possibly 
a light rain occurs. This is soon followed by a heavy 
downpour accompanied by the heaviest lightning of 
the storm, as the front of the rain area and the light- 
ning discharge center arrive overhead. As the storm 
cloud is carried along with the general air movement, 
lightning soon starts striking beyond the point of 
observation, rain settles down to a steady downpour, 
and the observer realizes that the worst of the light- 
ning for that section of the storin is past. 

It is apparent that in many storms the discharge 
center is of relatively limited dimensions. By knowing 


the velocity of travel of the cloud, it would be possible 


to form a fair estimate of the length of the center in 
the direction of storm movement. As an illustration, 
assume 20 mph for the velocity of a particular 
thunderstorm and one minute as the time during which 
discharges were occurring directly overhead. For the 
assumed conditions the center would be about 1800 
ft long. | 
Our present knowledge of the shape and extent of 
lightning discharge centers is too meager to establish a 


“usual’’ size for centers, if such a size actually occurs. 


They must vary considerably from storm to storm. 
It is important that their range be determined, for 
upon their shape and size depends the nature of the 
electrical field near the cloud. This electrical field in 
turn probably initiates the lightning stroke. 

When the discharge center is of limited dimensions 
compared with its height above ground, the electrical 


field will be much more intense near the cloud than 


near the ground. In such a case, it would not be ex- 
pected that earthed objects would have much effect in 
initiating a lightning stroke. If, on the other hand, 
the dimensions of the center should be large compared 
with the height of the center above ground, much more 


importance would have to be attached to the effect of 
grounded objects in causing strokes. This information 
is obviously of considerable importance in lightning 
protection problems. 

The polarity of the discharge center near the 
front of a storm according to Simpson’s theory ~ 
should be positive, while according to Elster and 
Geitel’s and Wilson’s theories it should usually be 
negative. According to Banerji it should consist of a 
negative front center followed by a positive center. 
Although it has been shown that 95 per cent of the 
strokes to transmission lines are negative, yet meas- 
urementsof electrical field changes resulting fromlight- 
ning strokes indicate a more nearly equal distribution 
of positive and negative strokes. Indirect measure- 
ments by Norinder'*) of the polarity and magnitude of 
lightning currents, made by measuring the electromag- 
netic fields caused by strokes, likewise show a consid- 
erably higher percentage of positive strokes than is 
indicated by measurements of currents in transmission 
towers. Further work seems necessary to determine 
the relative frequency of occurrence and activity of 
positive and negative discharge centers. 

The measurements made of lightning strokes to 
transmission lines, using magnetic links as a means of 
measurement, have indicated in many cases reversal 
of current. These results, together with those of 
Norinder, coupled with a consideration of the probable 
location of cloud charges, strongly suggests the 
possibility of reversal of polarity between successive 
discharges constituting a multiple stroke. This rever- 
sal of polarity may well result from various tappings 
of positive and negative accumulations of charges 
within the cloud. | 


- Shifting of Discharge Centers 


From the foregoing one might be left with the con- 
ception of a thunderstorm proceeding over the country 
with a single discharge center always maintained at 
the same location in the cloud. This conception must 
be modified because, as the storm travels, moisture- 
laden air is not constantly supplied to the same part 
of the cloud. Air is naturally stratified, and nonhomo- 
geneous, so that conditions are not constantly favor- 
able in front of the center for a supply of moist air. 
Topographical conditions, the presence of rivers, 
etc., also affect the position and amount of moisture- » 
laden air supplied to a given part of the cloud. As a 
consequence, the regions of greatest convection shift 
about in the cloud as it travels. Old centers discharge 
their electrical energy and, since the convection 
currents have decreased greatly, fresh accumulations 
of charge occur more slowly. Discharges therefore 
occur less often or cease. Meanwhile a nearby region 
in the cloud may be more favorably supplied with 
moisture. A convection system of sufficient intensity 
to electrify the rain drops and separate the oppositely 
charged particles then develops in that region. Thus a 


(:1)“Lightning Currents and Their Variations,’’ by H. Norinder, Jour. 
Frank. Inst., vol. 220, July 1935, pp. 69-92. 
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new center is born, and lightning discharges occur 
from it. 


Families of Thunderstorms 

When conditions over a wide area are favorable for 
the formation of thunderstorms, a number of such 
storms may be formed and several may pass over the 
same region within an hour or so of each other. If 
these occur at night and people are not in a position 
to accurately watch the storm movement, they fre- 
quently get the impression that the same storm 
“hangs around all night,’’ paying them repeated 
visits. Actually, the general air movement at the cloud 
level has carried them a succession of storms. In the 
daytime several members of a family of such thunder- 
storms can frequently be seen at one time from good 
observation points. 

Thunderstorms, viewed from a distance, frequently 


_ show several prominent thunderheads resulting from 


é 


Fig. 5. The front of a thunderstorm moving toward the camera; 
location of the discharge center near the front of the rain 
area is typical. (Talbot) (1) 


the formation of several convection systems within 
them. If, as frequently happens, more than one center 
is active at the same time, a succession of conditions 
and events as described for a single center will take 
place. | 


CAUSES OF THUNDERSTORM FORMATION 

The necessary conditions for the formation of a 
thundercloud are: (1) the presence of sufficient mois- 
ture in the atmosphere; (2) the presence of meteorolo- 
gical and (or) topographical conditions favorable to 
the movement of moisture-laden air up to the con- 
densation level; and (3) conditions favorable to the 
formation of sustained strong upward convection 
systems. 

There are five general types of thunderstorms, the 
type depending on the nature of the meteorological 
and topographical conditions. These are the heat, the 
mountain, the cold-front, the overrunning-cold-front, 
and the warm-front thunderstorms. 


The Heat Thunderstorm 

Hot humid days with little or no general horizontal 
movement of air near the earth’s surface are favor- 
able to the formation of heat thunderstorms. Such 
days are likely to occur when horizontal pressure 
gradients are weak and temperature is high over 
extended regions. Typical meteorological conditions 
of this character are illustrated by the weather map 
reproduced in Fic. 6 and described by Humphreys) 
in Physics of the Atr. 

Another important condition must be satisfied be- 
fore a heat thunderstorm can occur. This is the 
establishment, in the region where the storm origi- 


nates, of a dry adiabatic or super-adiabatic tem- 


perature gradient from the earth up to the cloud level. 
That is, a condition must be established in which the 
temperature of the air decreases with increase in 
height above the earth at the same or a greater rate 
than unsaturated air, warmed at the surface, cools as 
it rises and expands adiabatically.* This requires 
time, for normally the rate of decrease of air tempera- 
ture with height is only about half the required dry 
adiabatic temperature gradient. Frequently a day or 
two of hot weather seems to be necessary before such 
a gradient can be established by progressive convec- 
tion and mixing of the air. 
' When an adiabatic gradient is established, air 
heated at the surface can rise to the condensation 
level. There its moisture will begin to condense and in 
doing so will give off its latent heat of condensation. 
This heat warms the rising column of air. The resulting 
temperature difference between the rising column of 
air and the surrounding air increases the upward air 
movement and helps to produce the violent convec- 
tion necessary to electrify clouds 

A heat thunderstorm will thus form if (1) a tem- 
perature gradient equal to or greater than the dry 
adiabatic has been established between the ground 
and the condensation level, (2) the general horizontal 
air movements are mild enough and other conditions 
are favorable to the strong local heating of the surface 
air, and (8) if this air contains sufficient moisture. 


Mountain Thunderstorms 

Mountain thunderstorms are closely related to heat 
thunderstorms. The slopes of the mountain are heated 
by the sun’s rays. They reradiate this heat energy at 
a longer wavelength which can more readily be ab- 
sorbed by the atmosphere than the sun’s direct shorter- 
wavelength radiation. The air near the mountain 
slopes is thus heated to a temperature above that of 
the surrounding air. This relatively warm column of 


air can be compared to the warm air in a huge chim- 


ney tipped at a considerable angle from the perpendic- 
ular. Ina chimney the difference in weight of the col- 
umn of warm air within the chimney compared with a 
column of equal area and height outside of the chimney 


(22) Humphreys, W. J.: Physics of the Air, McGraw-Hill Book Company, 
Inc., New York, 1929. 
* By adiabatic expansion is meant expansion during which no heat is 
added to or subtracted from the expanding system. This condition is nearly 
realized when air expands while rising rapidly. 


supplies the necessary pressure to force air up the 
chimney. Similarly the greater weight of a column of 
relatively cool air in the free atmosphere at a moderate 
distance from a mountain, compared with the weight 


* of a column of the warm air near the surface of the 


mountain, results in a pressure difference forcing the 


‘warm moisture-laden air up the mountain side and 


toward the condensation level. This chimney action of 
a mountain thus aids greatly in thunderstorm for- 


‘mation by making it unnecessary to establish an 


adiabatic temperature gradient through the free at- 
mosphere up to the cloud level. An example of a thun- 


-derstorm forming over a mountain is shown in Fic. 7. 


Mountains also aid in the formation of thunder- 


storms by deflecting upward the air masses which are 


blown against them. The kinetic energy of the moving 
air carries it up the slopes toward the condensation 


level. 
Cold-front Thunderstorms 


In many sections of the United States after a period 
of warm humid weather, thunderstorms frequently 


occur followed by clear, cool, dry weather. These may 


easily be confused with heat thunderstorms. Since 


before these storms the air is warm and moist while 


after the storms it is cool, dry, and clear, it is perhaps 
natural to ascribe the clearing of the atmosphere to the 
thunderstorm. Actually a large mass of cool dry air 


has moved into the region and replaced the warm 
humid air which was there previous to the storm, and 
in doing so has caused the thunderstorm. The cool air 
is usually of polar or near-polar origin and is respon- 
sible for the bright clear days following the storm. 
The warm humid air which it replaces is frequently 
of tropical or near-tropical origin. 7 

As stated, these thunderstorms are caused by the 
action of the cool dry air mass on the warm humid air 
mass. Cool air traveling from the northwest along the 
rear of a LOW (low-pressure area) overtakes warm air 
moving from the south and southwest into the south- 
ern sector of the Low. The surface along which the 
front of the cool air mass makes contact with the warm 
air is called the cold-front. It is along this “‘squall 
line’’ or storm line that the thunderstorms are formed. 
Fic. 8,'%)@4) reproduced from National Research 
Council Bulletin, No. 79, shows horizontal and vertical 
sections through the cold- and: warm-fronts attending 
a LOW. In Section (a) a view is shown looking down 
from above the earth upon a Low. Referring to that 
part of the diagram which lies to the left of the 
dashed vertical line, and disregarding the part to the 
right of this line which will be described under 


(28) ‘Life Cycle of Cyclones and the Polar Front Theory of Atmospheric 
Circulation,’’ by J. Bjerknes and H. Solberg, Geofysiske Publikationer, vol. 3, 
no. 1, 1922. 

(24) Physics of the Earth-III-Meteorology,- National Research Council 
Bulletin, No. 79, Published by the National Research Council of the National 
Academy of Sciences, Washington, D. C., 1931. 


Fig. 6. United States weather map, 8 p.m., June 27, 1909, typical of heat thunderstorms: O, clear; O, partly cloudy; 
@, cloudy; R, rain; [4X , thunderstorm. (Humphreys) (2?) 


| ‘‘Warm-front Thunderstorms,” the cold front is 
| | indicated by the line extending downward and to the 
| left. A vertical section through this cold front is shown 
in the lower left-hand side of Fic. 8. It will be noted 
that the cold air mass has an overhanging front. The 
| overhang frequently may be four miles long.@) It 
| results from retardation of the surface air layers by 
| friction with the ground and consequent overrunning 
| of these layers by the faster-moving higher air. Warm 
| air is trapped beneath this overhanging front. In the 
| 

| 

| 


resulting instability due to cold air above warm, the 
warm air rises rapidly and forms strong convection 
systems which often are of sufficient magnitude to 
produce thunderstorms. As the wedge of cold air 
advances, it also underruns the warm air and forces 
it upward, contributing in this way to thunderstorm 
formation. Thunderstorms formed by these causes are 
called cold-front thunderstorms. 


Fig. 7. A thunderstorm forming over a mountain. (Evans) (1) 


{ 

I 
| ; | A photograph which distinctly shows a number of 
Pe |) / the characteristics of a cold-front thunderstorm ap- 
q E/ pears on page iv, opposite the introduction to this 
! book. In this picture the downward and outward 
| sweep of the rain line is caused by strong air currents 
| blowing from the rear of the rain area. Such air 
| 1 currents also occur at the front of thunderstorms. It is 
| believed that as they rush downward and outward 
ahead of the storm they act as a huge shovel forcing 
warm moisture-laden air up toward the cloud and 
thus maintain its supply of moisture. By assuming: 
that the photograph mentioned shows the front of the. 
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| storm moving toward the right, the shovel-like action. 
, of these air currents can be readily visualized. 


Overrunning-cold-front Thunderstorms 

When, instead of the front of a cool air mass over- 
running a warm mass of air near the surface of the 
ground, it does so at a higher level for a number of 
miles in front of the surface cold-front, the unstable 
condition of cool air above warm air may occur over 
a much larger area. Thunderstorms which occur due 
to this condition are called overrunning-cold-front 
thunderstorms. 


‘Warm-front Thunderstorms 

It frequently happens that ahead of the warm sector 
of a Low there exists a region of relatively cool air. 
The front of the advancing warm mass of air is called 
a warm-front. Its location is shown in Fic. 8(a) by 
the line extending downward and to the right. The 
scale of the diagram causes the: warm-front and the 
cold-front to appear close together. Actually, the 
warm sector is frequently several hundred miles 
across so that a day or more may go by after the 


passage of a warm-front before the cold-front 


arrives. 
Referring to Fic. 8(b) the warm air at the front of 


the warm sector is forced upward over the cold wedge - 


of air ahead of it. The phenomenon is much more 
gradual than in the case of the cold-front, and fre- 
quently several hours’ warning of its approach is given 


_ by the changes in the nature of clouds as indicated 
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Fig. 8. Horizontal (a) and vertical (b) cross-sections through a low-pressure 
system, showing the cold-front and the warm front. Ci., Ci-St., etc., 
refer to types of cloud. (Bjerknes and Solberg) (#3), Meteorology (4) 


in the diagram. An observer at B would first see 
a few wisp-like cirrus clouds high above him. These 
would increase in number until they formed a high 
unbroken layer of clouds. As the warm-front ap- 
proached nearer and nearer, more and more moisture 
would be available for cloud formation, and the clouds 
would gradually form at lower and lower levels. The 
gradual change from scattered cirrus through cirro- 


‘stratus, alto stratus, and stratus to nimbus or cumulo 


nimbus therefore gives_ample warning of a coming 


‘disturbance and evidence of the nature of the dis- 
‘turbance. Thus an observer familiar with cloud types 
‘can frequently predict the coming of rain with possible 
thunder showers after observing the first two or three 
transitions of the cloud types mentioned. 


Application of knowledge of warm- and cold-fronts 
should be of value to those interested in predicting 
the weather from U.S. Weather Bureau maps. By 
remembering that the warm-front line and the cold- 
front line meet at the center of a Low, and that the 
warm sector lies to the south of the Low, the position 
of the fronts can be approximated on the weather 
map. Knowledge of their locations and indicated 
strength will aid considerably in making predictions 
from the maps. 
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of Thunderstorms | 
has suggested a plausible explanation 
in which the electrical activity of a 


tained as it travels over the 
(22) 
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erstorm is main 
thund erring to Fic. 9, from Humphreys 


Air, two main air currents are indicated. 
ely cold column of air, formed as the 
by contact with cold rain from high 
and evaporation of this rain, descends 
from a region near the front of the rain area and 

resses forward near the ground in front of the ad- 
B acing storm as shown by the downward arrows. It 
acts as a huge moving wedge forcing warmer moisture- 
laden air up toward the cloud as shown by the upward 
arrows, and thus maintaining its supply of moisture. 
Without this the storm would not be maintained after 
the original supply of moisture had fallen in the form 


of rain. 
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These maps were prepared from U.S. Weather Bureau 
records of thunderstorm occurrence at stations scat- 
tered over the United States. The records covered a 
twenty-year period. One must of course know the 
U. S. Weather Bureau’s definition of a thunderstorm 
in order to interpret the charts. Their observers were 
instructed to report a thunderstorm if they could hear 
thunder. This probably limits the range of each sta- 
tion to a roughly circular area frequently not over ten 
miles and probably never over twenty miles in radius, 
since it is doubtful whether thunder can be heard 
farther than that. This range would vary greatly from 
station to station. Stations in noisy locations in large 
cities would probably report fewer than the actual 
number of storms on account of the masking of 
the thunder by other noises. While the data are 
subject to these limitations, still they are best avail- 
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Fig. 9. Schematic cross-section of a thunderstorm showing adjacent downward and upward air currents which 
help to maintain the storm. A, ascending air; D, descendirig air; C, storm collar; S, roll scud; 
D’, wind gust; H, hail; 7, thunderheads; R, primary rain; R’, secondary rain. 
(Humphreys) (2?) 


The existence of the cold-air column is proved by 
the commonly experienced cool blast of air blowing 
from the front of thunderstorms, and by the shape of 
the rain line when a storm is viewed frorn the side. 
The upward movement of warmer air, which is caused 
by the advancing cold column, is indicated by the 
upward movement of small fragments of cloud (scud 
cloud) below the main cloud base. The presence of 
adjacent upward and downward moving air columns 
is shown by the rotation of a mass of condensed vapor 


_ (called the roll scud) which is frequently present just 


below the cloud base at the front of the rain area.Its 
direction of rotation and location are shown at S in 
Fic. 9. A roll scud rotating as shown in the diagram 


_has been seen at the front of a storm by one of the 


authors during thunderstorm studies in Colorado. 


THUNDERSTORM PREDICTIONS 


_ Frequency 


An estimate of the number of thunderstorm days 
to be expected in any part of the United States per 
month and per year can be made from Alexander’s®) 


_isokeraunict maps, shown in Fics. 10, 11, and 12. 


A (75)‘Distribution of Thunderstorms in the United States,’’ by W. H. 
lexander, Monthly Weather Review, vol. 52, 1924 p. 337. 


TEqual frequency of thunderstorm days. 


able on thunderstorm occurrence in the United 
States. 

Alexander has reviewed his monthly thunderstorm 
maps as follows: 

“During the winter months—December, January, 
and February—the center of thunderstorm activity 
for the United States is in the vicinity of Vicksburg 
(Miss.). In February, however, the general thunder- 
storm area tends to drift southeastward, with a 
marked secondary over Pensacola (Fla.). In March 
the center of activity is still over the lower Mississippi 
Valley, with the general storm area spreading rapidly 
northeast over the Tennessee and Ohio Valleys. 
In April, the center appears to be in the vicinity of 
Shreveport (La.), with the general area spreading 
northeast over a large part of the Eastern States, 
but also north and west. 

“The interesting thing about the May chart is the 
definite appearance of the primary center over Tampa 
(Fla.), and a strong secondary over the lower plains 
States. Great thunderstorm activity now prevails 
over the entire eastern half of the country, except 
in the Canadian border States, including the whole of 
New England. There is also an increased activity in 
western Montana. 


Fig. 10. Monthly isokeraunic maps based upon the total number of thunderstorm days occurring each month over the 20-yr period, 1904-1923. 


Divide the numbers on the maps by 20 to obtain the average number of thunderstorm days to be expected per month. (Alexander) (25) 


‘During June the thunderstorm area continues to 
spread northward and covers the entire country 


east of the Rocky Mountains except possibly the 


extreme northeast. The center of greatest activity 
is in the vicinity of Tampa. One of the most 
surprising things revealed by the July chart is the 
increased activity over the Rocky Mountain States, 
with a secondary over Santa Fe (N. Mex.), almost as 
strong as the primary over Tampa. Marked activity 
also continues in southwestern Montana and in the 
vicinity of Yellowstone Park. The distribution in 
August is very much the same as in July, but with a 


notable decrease in intensity along the Canadian 
border and a marked weakening of the center over 
Santa Fe. The two centers, at Tampa and Santa Fe, 


persist, though weakening, through September. In | 


October the southeastern (Tampa) center seems to 
have dropped a little south and is now over Key 
West, while the Santa Fe center has disappeared or 
shifted to eastern Texas and the southern plains 
States, and the general storm area is rapidly diminish- 
ing. In November, as during the winter months, the 
active area is over the lower Mississippi and Ohio 
Valleys. 


Fig. 11. Monthly isokeraunic maps based upon the total number of thunderstorm days occurring each month over the 20-yr period, 1904-1923. 
Divide the numbers on the maps by 20 to obtain the average number of thunderstorm days to be expected per month. (Alexander) (25) 


“Chart 13 [reproduced as Fic. 12 in this article], 
which shows the average annual number of days with 
thunderstorms during the 20-yr period at a large 
number of stations in the United States and Canada, 
has a number of interesting features and is worthy of 
considerable study. Note that no part of the country 
is entirely free from thunderstorms, although they are 
comparatively rare along the Pacific coast; and that 
there are two centers of maximum activity, one over 
Tampa, with an annual average of 94 days with thun- 
derstorms in the 20-year period, and the other over 
Santa Fe, withan average of 73 during the same period.” 


U. S. Weather Bureau Predictions 

U.S. Weather Bureau Stations scattered over the 
United States make daily telegraphic exchanges of 
information on temperature, pressure, wind, rain, 
thunderstorms, etc. From these data, weather charts 
are made up from which weather predictions for each 
section of the country are made. These include the 
prediction of thunderstorms and are the best available 
It must of course be realized that these stations predict 
for areas covering many square miles. While each 
region is subdivided into sections for purposes of 
prediction, it cannot be expected that all parts of each 


section will be subjected to the same weather con- 
ditions. Those interested in predictions covering a 


very localized territory must then supplement the 
Weather Bureau predictions by local observations. 
With the Weather Bureau’s information on regional 
atmospheric conditions as a base, and with an acquired 
knowledge of the significance of pressure, temperature, 
humidity, wind direction, type of cloud, and degree of 
atmospheric haze, it is frequently possible to predict 
the occurrence of thunderstorms several hours in 
advance. 


Direction of Travel 

Prediction of the direction in which thunderstorms 
will travel is frequently very desirable. If general air 
movements at the cloud level are extensive, as is 
usually the case for cold-front, and warm-front 
thunderstorms, the direction of thunderstorm travel 
is easily predictable. The thunderstorms will be 


Fig. 12. Isokeraunic map indicating the average number of thunderstorm 
days to be expected per year throughout the United States; based 
on 20-yr records covering the period from 1904 through 1923. 
(Alexander) (25) 


carried along with the general air movement. Their 
movement will then be the same as the direction of 
cloud travel directly overhead (observations of cloud 
movements at a considerable angle from the vertical 
may result in large errors due to perspective). 

In the case of heat thunderstorms, which occur 
most frequently at times when the general air move- 
ments are minor, it is more difficult to predict their 
direction of travel. Direction of cloud travel overhead 
is helpful but not certain for local topographical con- 
ditions and air systems generated by the storm itself 
may easily cause the storm to take an erratic course. 


Severity 

The severity of thunderstorms depends upon the 
extent and violence of their convection systems. This 
in turn depends upon the magnitude of the tempera- 
ture differences between the warm moisture-laden air 
and the air through which it is carried by convection, 
upon the moisture content of the warm air, and upon 
the velocity of the general air movement. The inten- 
sity of cold-front, overrunning-cold-front, and warm- 
front storms can thus be predicted qualitatively from 
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the magnitude of the atmospheric instability indicated - 


by Weather Bureau measurements. The intensity of 


heat thunderstorms can be qualitatively predicted — 


from the humidity, the temperature, and the mildness 
of the general air movement. The occurrence of high 
humidity, high temperature, and very little air 
movement is favorable to a severe storm. ee) 


APPLICATIONS OF THUNDERSTORM KNOWLEDGE 


Transmission-line Location | 
While the number of routes by which a transmission 
line can be run between two locations is limited, it is 
possible that under certain conditions substantial 
decreases in exposure to lightning might result from 
changes of a few miles in line location. This is particu- 
larly true in regions where thunderstorms follow 
preferred paths. Whether they do so in a given locality 
depends to a large extent on the chief cause of storms 


there. If thunderstorms are usually of the heat type, 


or the mountain type, they may well follow such 
paths, for their formation depends on local favorable 


meteorological and topographical conditions which — 


tend to remain more or less the same. In the light air 
movements prevailing when storms of this type are 
formed, local land and air conditions have a much 
greater influence on their direction of travel. If, on 
the other hand, thunderstorms that visit an area are 
usually of the cold-front or warm-front type, preferred 
paths will be much less evident. Their formation de- 
pends on the interaction of adjacent cold- and warm- 
air masses often covering hundreds of square miles. 
They may thus form in widely scattered locations with 
comparatively little reference to local topographical 
conditions. Their direction of travel will nearly always 


be determined by the general air movement at cloud — 


levels. 3 

In regions where thunderstorms are of the heat or 
mountain type, it may be desirable to consider ridge- 
top versus valley-side or valley-bottom locations for 
transmission lines. These storms apparently often 
tend to follow certain valleys and rivers. In traveling 
along such valleys, many more strokes may strike 
into the valleys than to the sides and top of adjacent 
mountains because lightning discharge centers are 
often of limited dimensions. This condition has fre- 
quently been seen by one of the writers in thunder- 
storm studies in Colorado. Location of lines along 
ridge tops may then result in less exposure to lightning. 

In regions where thunderstorms are of the fold- 
front or warm-front types, the haphazard formation of 
such storms over wide areas and the fact that their 
direction of travel is usually controlled by the general 
air movement at cloud levels greatly decreases the 
likelihood of preferred paths being followed. Storms 
carried from west to east by the general air circulation 
will travel over mountain ridges oriented in northerly 
and southerly directions. The lightning exposure of 
lines located on the top of such ridges would be 
greater than for lines located on the valley sides in the 
lee of the ridge or on valley bottoms. 
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3 Power-system Operation 


Despite many improvements in operation, lightning 
still represents a serious source of interruption to 
many power systems. To insure continuity of Service, 
many systems connect additional generating capacity 
to their lines when thunderstorms are known to be 
approaching. Knowledge of the occurrence, direction 
of travel, and severity of thunderstorms is therefore 


‘of importance to them. Weather Bureau reports serve 


as preliminary warnings of the probable occurrence of 
thunderstorms. Short-time warnings of the appearance 
of an actual storm over the system are much more 


4 important, however. Some power plants have in- 


stalled ‘“‘howlers’” which warn the operator that a 
storm is in the neighborhood. Usually, however, the 
first warning must come from employees distributed 
over the system, who, as part of their regular duties, 
report to the load dispatcher the location, direction of 
travel, and severity of storms near the system. The 
dispatcher can determine whether it is liable to affect 
his system, and can then make the necessary changes 
in system set-up to minimize the effect of the storm. 


Ammunition Storage 

Lightning is a real hazard to ammunition storage 
depots. Where a choice of locations is possible, a study 
of thunderstorm conditions should be of value in 
selecting a location offering minimum exposure. 
Alexander’s charts of thunderstorm frequency should 
be of value in determining the general region. The most 
favorable location in this region can then be deter- 


' mined by a localized study of topographical and — 
4 meteorological factors, advantage being taken of 
_ knowledge of the type of storm most prevalent, the 
location of topographical features such as combinations 
_ Of mountains and moisture sources which are known 


to serve as thunderstorm ‘“‘breeders’’, prevailing wind 
directions, preferred storm paths, etc. At times such 
depots may be located in a position taking advantage 
of topographical features offering natural shielding 
against direct strokes. 


Oil Storage 

Where a choice of location for the storage of oil is 
possible, a study of thunderstorm conditions similar 
to that described for ammunition depots should be 
worthwhile. Here, again, comparatively minor changes 
in storage location may result in a considerable de- 
crease in lightning exposure. 

Although exposure to lightning may be reduced by 
proper location, this reduction should not be construed 
to justify a reduction or elimination of lightning 
protective equipment where lightning is particularly 
hazardous to the material to be protected. For exam- 
ple, while Alexander’s charts show that California 
enjoys comparative freedom from thunderstorms, 
still occasional severe storms do occur there and the 
elimination of protective equipment would be unwise. 
In 1926, millions of dollars worth of oil and equipment 
in that state were destroyed by fires set by lightning. 


RESUME 


In the foregoing, Simpson’s, Elster and Geitel’s, and 
Wilson’s theories of the electrification of thunder- 
clouds are reviewed. Experimental evidence and 
observations bearing upon these theories are given 
consideration and the characteristics of actual 
thunderstorms are described. Five types of thunder- 
storm formation—heat, mountain, cold-front, over- 
running-cold-front, and warm-front—are explained. 
Humphreys’ theory explaining how thunderstorms are 
maintained as they travel over the country is re- 
viewed, and observational evidence is advanced which 
supports it. Alexander’s charts, which indicate the 
monthly and yearly frequency of occurrence of 
thunderstorm days over the United States for a 20-yr 
period, are given. Their value in lightning protection 
planning is pointed out. Conditions under which the 
occurrence, direction of travel, and probable severity 
of storms can be predicted are enumerated. The value 
of application of thunderstorm knowledge to the loca- 
tion of transmission lines, to the determination of 
economically justifiable power-system protection, to 
maintenance of continuity of service, and to the loca- 
tion of explosive and oil storage depots is pointed out. 
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4 pundercloud. Peek™ estimated the potential of 
ee : ndercloud to be of the order of 100,000,000 
- ed Wilson”) has estimated the potential to 
_ a order of 1,000,000,000 volts. Such high 
| -° eis as these do not appear on transmission 
j ond other objects near the surface of the earth 
j oc contacted by direct strokes. 


The Lightning Stroke: Mechanism of | 
| Discharge 


Potentials. and field gradients — Wave shape of discharge, and the current flow — 
Leader and main strokes — Multiple strokes — Photographic 
records and their interpretation 


By K. B. McCEACHRON and W. A. McMORRIS 


Research Engineer, High-voltage Practice Lightning Arrester Engineering Department 
Pittsfield Works, General Electric Company 


W sx the progress made in the intensive ducting layers of the upper atmosphere have a positive 


_ Wave Shape of the Discharge se 

The ideal method of determining the wave shape 
and duration of lightning discharges would be by 
direct measurement at the point struck, using the 
Be thode-ray oscillograph. Many oscillograms have 
been obtained of lightning disturbances on transmis- 
4 sion lines, but these have given only indirect informa- 
"tion as to the wave shape of the lightning stroke itself. 


_ The majority of the re- 
corded disturbances appear 
to be induced effects re- 
sulting from the release of 
pound charges upon the 
occurrence of strokes in the 


study of lightning which has been con- potential of about 1,000,000 volts with respect to th 

ducted on transmission and distribution earth. | : 2 
systems during the past decade, it became increasingly During thunderstorms the field at any point j 
apparent that the greatest unknown involved was usually the resultant of several vee fields 
the lightning stroke itself. It was possible by calcula- of both polarities. Comparatively slow changes in me 
tion or test to determine, in many respects, the per- field may result from the movement of the cloud : 
formance of apparatus under various transient condi- but these changes are rapid enough to suggest th : 
tions, but little was known about just what these the charges, of one polarity at least, are eee fs 
transient conditions should be to duplicate accurately in relatively small volumes of the lead se 
the service experienced during thunderstorms. | 


The sudden collapse of a field due to the disch 7 
; arge ' vicinity of the line. There 
bale much oe eae could pi raare from of a cloud may cause either a decrease or increase in 4  . Eefonship between 4 
ervice records of apparatus, this required the resultant field at a given poi s : . = 
point. After a discharge 4 uration of afree trav- 520 
s oes oe many installations over long periods of has occurred, the gradient recovers at a rate vehich 4 :. Ewe of induced ori- 8 
: : : s c 
Py an - always remained the question as to is roughly exponential until it reaches approximately sin Bad that of the direct «a'5 
EES the ocalities, lightning severities, line con- its previous strength, when another discharge occurs q Eroke that released it, 8 
aes eee and the many The magnitude of the changes in field strength ‘ipo . io the oscillograms of ae ‘6 10 
other variables involve ad resulted in service the occurrence of a stroke i : : | a 5 
act, 3 e is great enough, compared - duced waves have given § 
that could fairly be considered as normal. Comparison to the instantaneous values of field strength, to lead 4 indirect information with E ; 


of the operating characteristics of different apparatus, to the conclusion that the discharge of the cloud i 
based upon field experience, was not. only difficult practically complete. ce 
and slow, but of doubtful accuracy. Furthermore, It does not appear necessary for the field gradient 
laboratory and factory tests which were not definitely to reach the breakdown strength of air sae biel 
known to impose conditions comparable with field the entire length of the path before discharge = b | 
service would have questionable value. It wasevident, initiated. When the gradient has reached ae ieee 
therefore, that a more thorough knowledge of the down value over only a part of the length the strean 
lightning stroke would lead to a better understanding ers which form redistribute the field so that it ae a 
of its effects on lines and apparatus, and would pro- _ centrated at the streamer tips, and the streamers a we 
vide a more substantial basis for design and for test- thus propagate into areas. which previously had me 
ing technique. tively low gradients.@@) : 
Calculations involving the performance of protec- Two cases have been reported where unexpected 
tive means in most cases begin with assumptions as_ strokes occurred to earth within 400 ieee f ; 
to the characteristics of direct strokes, including such gradient measuring station, when the gradi me Z 
factors as wave shape, maximum current, frequency less than 5 kilovolts per LO eae 
of occurrence, prevalence of multiple strokes, and Investigators have measured gradients as high 
many other factors of a similar nature. The determina- 200 kilovolts® and 280 kilovolts(® per meter = the 
tion of these characteristics of the lightning stroke earth’s surface. The gradient is important an t 
is essential to the proper determination of protective determines the voltage that will be induced sere 
means and the benefits to be obtained. head lines and other insulated conductors in the field 
of the storm upon the collapse of the field, and it 
also gives a means of determining the potential of 


reference to the duration B 
of direct strokes. However, 
it is not often possible to 
' know definitely which re- 
_ corded disturbances are of 
induced origin. Also if the : 
_ wave originated any appreciable distance from the 
recording station, it will have undergone distortion 
asthe result of attenuation and multivelocity com- 
_ ponents. As a rule, recorded waves are also compli- 
- cated by reflections and refractions at transition 
- points in the line. 

_ Any of these influences that are not properly ac- 
_ counted for in the analysis of wave shapes to obtain 
_ information concerning the direct stroke will detract 
to a certain extent from the accuracy of the results. 
_ From measurements on 20 oscillograms of lightning 
_ Waves exceeding 100 kv and not associated with line 
_tripouts, but without making corrections for distortion, 
» Peek() arrived at values from 5 to 40 microseconds 
for the time of discharge, with 30 microseconds as 
the most probable value. By including with his 
data a number of oscillograms selected on the same 
_ basis from other sources,92(13) and interpreting 
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Potentials and Field Gradients 
Many investigators have made measurements of 
the electrostatic gradient in the atmosphere, which 
(3) “Lightning,” by N. Ernest Dorsey, i ournal of the Franklin Institute, 


exists in clear weather as i a 
well as during thunder-  ,.1 $61. 78° April 1926, pp. 485-496. ()Lightning,” ) | 
(4) ightning,’’ by F. W. Peek, Jr., A.J.E.E. Trans., vol. 48, no. 2, 


storms. The clear weather gradient is of the order of jana Frate Of te tea signe Lightning Discharge”, by B. F. J. Schon- “April 1929, pp, 436-448 
. A ’ . an LNSIULULE O ectrical Engin Be gee! oe = . ; 
(1 Part 6, . gineers, vol. 24, )“Traveling W SD 
100 volts per meter. Wilson estimates that thecon- P (hGadercacar over Dee Lufciskiele: RE eee ee Gye 28: no. 3, July 1999, pp 4ob0 1064, Rp te Rae 
: by Harald Norinder, Tekniska Meddelanden Fran Kungl. Vaitenfallsstyrel Trans epyation and Distortion of Waves,” by L. V. Bewley, A.J.E.E. 


(?)*On Lightning,” by G. C. Si . . 
voli mo! An757, May 1, 1926. ae Proc. Royal Society, Series A 


+» Vol. 53, 1934, pp. 1749-1757 (Electrical Engr., vol. 52, no. 12, De- 


(1)‘‘Investigations on Lightning Discharges and on the Electric Field i 4 
of Thunderstorms,” by C. T. R. Wilson, Phil. Trans. Royal ‘Soest. Saree oH toni es BOs ts JeauaEy Looe sie ; _ Sember 1933, pp. 876-884) 
A, vol. 221, 1920, pp. 73-115 ightning Investigation on Transmission Lines,” by W. W. Lewi B (19)“Lishtning.’”’ 
’ ’ » Pp. ° and C. M. Foust, A.J E.E. Trans., vol. 49, no. 3, July 1930, - pp. ‘917.948 ‘ September 1931 @ 1077-1080 em ape APS Ob 20y 10> Se 
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Original data from George and Eaton('3) 


Duration in microseconds 


Fig. 1. Duration of discharge, based on 42 oscillograms 
taken on transmission lines in U.S.A. 


them in the same way, the values shown in Fic. 1 
are obtained. In a few cases the voltage wave ran off 
the film before the voltage reached zero, and the times 
of discharge obtained from these films are too small. 

In an oscillographic investigation, in Sweden, of 
the electromagnetic fields of lightning discharges, 
Norinder“*) has obtained times of discharge up to 60 
microseconds, as shown in Fic. 2. These measurements 
were obtained by means of a loop antenna which was 
symmetrically connected to eliminate any effects 
of the electrostatic field. Only data from observed 
vertical strokes were used. Values up to 10 micro- 
seconds for the front of the current wave were ob- 
tained, as shown in Fic. 3. The maximum rate of 
change of current was found to be as high as 30,000 
amperes per microsecond, as shown in Fic. 4. 

In Switzerland, Berger‘) has 
measured rates of change of current 
by means of Lichtenberg figures, 
using a camera connected to a 
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Fig. 2. Duration of discharge, as determined 
by Norinder(4) in an oscillographic study 
of the electromagnetic field of thun- 
derstorms in Sweden 


loop mounted on a transmission line tower, and has 
obtained values from the limit of sensitivity of the 
instrument at 7000 amperes per microsecond up to 
40,000 amperes per microsecond. 


Two volt-time oscillograms of special interest have 
been obtained on high-voltage transmission lines 
where the oscillograph was near the point of contact 
of a direct stroke to the line. One of negative polar- 
ity was obtained in Pennsylvania“) on a 220-kv 
steel-tower line without ground wires. The stroke 
occurred within one span of the oscillograph station. 
The voltage rose at an increasing rate, reaching 720 
kv in 3.5 microseconds and going off scale at 2760 kv 
in 4.8 microseconds. The other was obtained on a 
110 kv wood-pole line in Arkansas.“ In this case 


(11)‘Lightning Investigation,’’ by Edgar Bell and A. L. Price, A.J.E.E. 
Trans., vol. 50, no. 3, September 1931, Bp. 1101-1110. 

(12)‘Lightning Investigation,’ by I. W. Gross and J. H. Cox, A.J.E.E. 
Trans., vol. 50, no. 3, September 1931, pp. 1118-1131. 

(3)‘Lightning Voltages on Transmission Lines,’’ by R. H. George and 

.R. Eaton, A.I.E.E. Trans., vol. 49, no. 3, July 1930, pp. 877-884. 

(4)‘Lightning Currents and Their Variations,’’ by Harald Norinder, 
Journal of the Franklin Institute, vol. 220, no. 1, July 1935, pp. 69-92. 

(18)**Resultats des mesures effectuees au cours des orages de 1934/1935,”’ 
by K. Berger, Association Suisse Des Electriciens Bulletin, vol. 27, no. 6, 
March 20, 1936, pp. 145-163. : 

(18)“‘Lightning Investigation on a Wood Pole Transmission Line,”’ 
by ee and J. J. Torok, A.J.E.E. Trans., vol. 50, no. 2, June 1931, 
pp. FS . 


the negative voltage wave at the oscillograph, four 
miles from the point struck, rose to 5000 kv in less 
than two microseconds. It is estimated” that the 
voltage at the point of contact must have risen to 
about 15,000 kv before sparkover of the pole occurred, 
at a rate of 10,000 to 20,000 kilovolts per micro- 
second. 

Much more data are needed on the steepness of 
the. front of the direct-stroke wave. In the case of a 
direct stroke to a line, the resulting traveling wave 
is distorted rapidly because of the steep front and 
high voltage, with resulting high losses. Flashover 
of the line insulation will probably occur within a 
very few microseconds, before the crest of the dis- 
charge is reached, and will complicate the recorded 
voltage wave. 


charges, but may also occur in cloud-to-ground dis- 
charges owing possibly to the extension of streamers 
within the cloud to the more remote regions where the 
charge is of the opposite polarity from that of the dis- 
charge center. 

A more complete consideration of multiple strokes 


will be given under the heading of ‘‘Mechanism of 

Discharge’’. | os 
The determinations that have been made of the . 

time of discharge, number of discharges in a multiple 


stroke, current magnitude of each discharge, and the 
other characteristics of the direct stroke show that 
they vary over rather wide ranges.. Even two dis- 
charges which are separated in time by only a frac. 
tion of a second, and which pass over the same path, 
may be quite different. | 

The climate and topography of a locality may re- 
sult in prevailing meteorological conditions which 
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q fapid magnetic response that a field lasting 
q ach few microseconds—stch as that of a lightning 
pony a. iat producethe same magnetization as afield 
— tensity lasting for a long period of time. 
t values obtained by Pockels were based 
ted distances to the path of the lightning 
hich was not definitely known. Four meas- 
dicated currents from approximately 2900 
Two measurements made by the same 
Mount Cimone, in the Apennines, gave 
f 11,000 and 20,000 amp. 

Numerous estimates of the currents involved in 
rokes have been based upon the fusing 
g effects on conductors. In summarizing 
tances that have been reported, and 
effects observed in the field with those 
he laboratory by controlled discharges 
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- Bellaschi® arrives at a value of 200,000 amp for the 


35 


30 


25 


Nn Oo 
nm Oo 


Negative 
strokes 


Positive 
strokes 


a 


Per cent of readings 
3 3 


Parcent of total readings 
Percent of total readings 


Oran 


CORO LE OmOmO! Oo O80: 5 O..O).. OO 
SSO: ©. Qa .9 oO OO 4O OO" 
Seo 3 8's 8s SSS SS 6 
ait. oO. 0 8 nt © © GD AQ 


Crestcurrentinamperes Crest current in amperes 
tf) 2 4 6 8 10 


Wave front in microseconds Maximum rate in amperes per microsecond 4 a Fig. 5. Crest current in the lightning stroke, as determined by 


Norinder“4) in an oscillographic study of the electro- 


Fig. 3. Wave-front of discharge, as determined by Norinder(14) Fig. 4. magnetic field of thunderstorms in Sweden 


in an oscillographic study of the electromagnetic field of 
thunderstorms in Sweden 


Maximum rate of change of stroke current, as determined by 
Norinder(4) in an oscillographic study of the electromagnetic : 

Bold OF Counderstorms in Sweden " current in a severe stroke. The accuracy of this 
estimate depends upon the accuracy of the assumed 
- duration and the number of repeated discharges in- 


7 volved. 


For the sake of simplicity, the calculation of the consistently produce lightning of a different nature 
behavior of circuits under lightning conditions has than is experienced in another locality. For example, 
usually been based upon the assumption that the greater prevailing cloud heights have been observed Current measurements have been made by measur- 
impulse wave shape could be expressed mathemati- to result in a greater proportion of cloud-to-cloud | 4 ing the size of the hole punctured in a piece of paper 
cally as the difference between two exponential terms. strokes. Until sufficient data have been obtained to | q b : lightning dischar . and comparing it to similar 
Oscillograms show that wave shapes of this general evaluate the effects of such influences, caution must a a = : : 


form do frequently occur, but that they may al : 5; _ measurements made in the laboratory with known 
y also be be exercised when data obtained in one locality are : 
: currents,“ and also by the size of surface burn on 
much more complicated. applied to another locality. : 


yee cee Dae conductors at the point of contact of a lightning arc,( 
io i sae oe ee ee o Gulia i Wee tignias Gicic 4 and they have yielded results within the range of the 
ey ' Other measurements which have been described. 
about 100 microseconds or less. This has resulted in Many different methods have been used in attempts BM Warce number of mentech eed 
the recording of only the first discharge in cases where to determine the magnitude of current involved in the 5 an ee a ee a ht ns ae 
several discharges have occurred in rapid succession lightning stroke. These have ranged from calculations 4 NS SS eae 


ings obtained were assigned approximate current. 
values, which are of doubtful accuracy because the 
potential drop between parts of the towers is largely 
an inductive drop that depends on wave shape as well 
as current magnitude. The values extended over a 
very wide range, from 2000 amp to over 500,000 
amp. These records give a reliable polarity indica- 
tion, and'show that the strokes recorded were pre- 
dominantly of negative polarity. 

Other installations of this same instrument were 
made, in which it was connected across a resistor 
that was of relatively small dimensions and was 
in series with a lightning rod or other lightning con- 
ductor. Measurements up to 300,000 amp were ob- 
tained by this method. 

In his oscillographic investigation of the electro- 
magnetic field of lightning strokes, Norinder™ has 
obtained a number of current measurements. These 
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Fig. 6. Crest current in the lightning stroke, as determined 
by magnetic link measurements 


are based on estimated lengths of the stroke path and 
distances from the measuring station, and on certain 
assumptions as to the distribution of the field. Cur- 
rent values up to 120,000 amp were obtained as 
shown in Fie. 5. 

During the past few years several hundred light- 
ning current measurements have been obtained by a 
method quite similar to that used by Pockels. Special 
links of magnetic steel laminations or wire of known 


characteristics have been mounted adjacent to the 
various parts of transmission-line structures, light- 
ning rods and their ground wires, and the masts of. 


radio antennas. “5)(28)(24) By using two such links at 
different spacings it is possible to determine when the 


ees This instrument is essentially a potential-measuring lightning current is not strictly unidirectional, and 
within a period of about one second. In other in- based on an assumed cloud hei m 4 2 ae Se S y 
ane ght, volume of charge, device, but with TCH 
Wectigations, where a slower time seale wos aced and rate of discharge, to direct measirement cf ame a with proper circuit arrangements the to determine the crest amplitude of the current even 


; ' readings can be in =r 7 rae 
several successive current pulses have been recorded. lightning current flowing to earth through lightning | ee 2 St corrent With hough an oa ee nas ee ee ae 


: a fair degree of accuracy. Many installations were demagnetized the links.) The measurements ob- 
Wilson™ and Norinder 8) have presented data rods. Among the earl is li 5 ME y Cas 
: y work along this line was that “made where this device w Ww iffer- i J 
showingcthae the dicchete-s ina ccc ae igr ues, done Be Pace aio wade aun ne . is device was connected between differ- tained by this method in the United States, and 


ent parts of steel transmission-line towers, to detect those obtained in Europe and published by Grune- 
sarily all of the same polarity. Mixed polarity is the magnetization of basalt found near points that ‘the presence of direct-stroke currents.(2 “The FeAGeo aa 

more frequent in the case of cloud-to-cloud dis- had been struck by lightning. This ore consists of x  ocatere” by PL. Bettesona, Loman GMa Posty ee, Baetnorines A EE, Troms), vol BA, no! 
Seas Mes urrents in Field and Laboratory,’’ by P. L. Bellaschi, , September , PD. : 


finely divided particles of magnetic material suspended pelec. ant eine eet Ho Tyas), nol ves ao ae eee 108) pp. SoCo 2%) ‘* Die ace oe yon Buia. ome ee oe rae? ee Frei- 
° ; ; 3 b g Currents Measured,’ by H. W. Collins, Electrical World, leit asten,’’ b . Grunewald, £.T.Z., vol. 55, no. 22, Ma 1, 1934, 
in a high-resistance matrix, and has the property of “Vol. 103, no. 19, May 12, 1934, pp. 688-689. pp. 536-539. * 

aS catecerees iby Pui ehtning Investigations on the Ohio Power Co.’s 132-kv. System,”’ (28)**Direct Measurement of Surge Currents,’ by C. M. Foust and J. 
1930 1 Euorn and W. L. Lloyd, Jr., A.J.E.E. Trans., vol. 49, no. 3, July T. Henderson, Elec. Engineering (A.I.E.E. Trans.), vol. 54, no. 4, April 
—-" pp. 905-916. 1935, pp. 373-378. 


(23)‘Lightning Investigation on Transmission Lines—V,” by W. W. 


(17)“Lightning Discharges,’’ by C. L. Fortesc dR 
A.I.E.E, Trans., vol. 50, no. 3, Septernber 1931, Spaloooaivo, 
(18)“*On the Nature of Lightning Discharges,”’ by Harald Norinder, 
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es of the Franklin Institute, vol. 218, no. 6, December. 1934, pp. 717- (19)“*Code for Protectién Against Lightning,” Handbook No. 17, Bureau - 
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wald and Berger, are summarized in Fic. 6. The accomplished by the use of the Boys Camera. This _ 4 | s? built up along the same path at a 
most probable value, which is the value exceeded camera was developed by Sir Charles Boys, in 1900 g ‘main stroke ul an ae ee ee 
in 50 per cent of the cases, is of the order of 26,000 and makes ible th | ann : ‘nicher velocity from ear 

es poser © tne miessuremen 0) Lie dit 7 an pe his was frequently followed in succession 
amp. Currents of 200,000 amp or more are rare. A and velocity of propagation of the lightning stroke j of a second, this PS a a atrokes eS 
larger proportion of small currents was measured in even though the veloci cid, ae ‘py other leader strokes a | ; 

; ug e velocity approaches that of light, mee PY he same path. By means of a rotating 
the United States, possibly because of the greater This camera is based on the principle that the path stantially une eee ie es ee oe 
sensitivity of the magnetic links used. Also higher of a moving object, when photographed on a moving: ie camera, Larson eo re Pe oe He ee 
currents have been measured in this country than film, is distorted as a result of the motion of the film, ch discharges ove? the same p 
have yet been recorded abroad. B 3 2 nn % nd. 

y using two separate optical systems, which focus _ seco : 
_ Current measurements by these many different two images at diametrically opposite points on Fi : mo (OTHE Bove oe a ON anes ae a 
methods have been quite consistent. They establish drum that carries the moving film, the two recorded ; 4 tained 10 which = &t : ae : aie eee - 
a value of about 200,000 amp for the very severe images will be distorted in opposite directions. A  pecatise of the = a a a = ng reg 
stroke which can be expected to occur only rarely. comparison of the two images will reveal the amount - _ the relatively weak leade 
Those methods which give polarity indication have of distortion, which is a measure of the velocity of eles Leader 
shown that about 95 per cent of the strokes to trans- the moving object. The relative motion between ieee Initiation of Stroke: Step aon f 
lenses and film may also be obtained by using mov- ) me The leader BpEO Bae cscnatee ore eee 
ing lenses and a stationary film | was found to differ from those that followed. The 
ee ere f F ae | ‘interpretation by Schonland, Malan, and Collens 
Rotating gram of one form of the Boys 


\ : > of their photographs of the leader stroke reveal it 
film drum—) [ camera is shown in Fic. 7. The film is on the inside q as a “dart” projected toward the earth at a velocity 


mires surface of a revolving | drum. Considering for the 7 of about one sixth of that of light, but traveling only 
of rotation moment that the drum is stationary, light rays from 4 small part of the distance before being brought to 
an object moving over the path from A to B will pags _ | | ‘halt. After a time that is of the order of 0.0001 
through the lower prism and lens, and be focused on ; , 3 Bnd or 100 microseconds, a second dart from the 
the film, tracing a path from a to }. Similarly, the 4 { oud traverses the same path, but progresses about 
upper prism and lens will focus an image on the film, a 4 50 yards farther. In this way the leader advances 
tracing a path from a’ to b’. If the drum had been: step by step, until it finally reaches the earth. The 
rotating, the paths traced on the film would have ee onew part of the path blazed by each dart photographs 
been distorted, the lower record being from a toc “J ; brighter than the remainder of that step. It frequently 
and the Upper record being similarly distorted but ~ deviates from the direction of the previous tip, re- 
| in the opposite direction along the path from a’ to c’. | 3 sulting in a very sinuous path. Occasionally branching 
Fig. 7. Schematic diagram of Boys camera with moving A number of special cameras have been developed . occurs, and the succeeding darts may develop the 
film and stationary optical system for use in the investigations being conducted by the a several branches simultaneously, resulting in a path 
SB el a _ General Electric Company. One is a high-speed mov- 4 - which is branched downward from the cloud, like the 
mission lines have been from negative cloud discharge ing-film Boys camera in which several exposures are Pe roots of a tree. Some of the branches may cease to 
centers. Percentages somewhat lower than this have ™ade on one wide film. The film can be changed from _ = develop before the main stroke occurs. Up to one 
been obtained in Germany and Switzerland. one position to the next in about one second, while | hundred or more steps may be necessary to complete 
Results obtained by Norinder, Wilson, and others the drum is rotating at full speed. In some earlier the path from cloud to earth, requiring approxi- 
from the fields of thunderstorms indicate that if all designs, several minutes were required to change -| i mately 0.01.second. 
strokes are taken into account the division between films, resulting in the loss of a large part of the brief - | 
the two polarities would be more nearly equal. The time during which good lightning pictures could be @ . Main Stroke 
high proportion of negative strokes is accounted obtained. A low-speed moving-lens camera has been ; - Upon the instant of contact of the tip of the leader 
for by Lewis and Foust) on the basis of the directive developed, in which a slowly moving lens separates ; “stroke with the earth, a very intense illumination 
effect of objects such as transmission lines and towers 2 multiple stroke into its component discharges so 1 builds up along the path traced by the leader, begin- 
projecting from the earth’s surface, in determining that the order and interval between discharges can _ “ning at the earth and propagating up along the path 
the path of the stroke when the earth is positive with be determined. A second lens records a stationary . ~ to the cloud at a velocity of the order of one tenth of 
respect to the cloud. photograph of the stroke on the same film (see Fic. ‘ that of light. Upon reaching the junction with a 
2 i | 13). A lightning observatory has been built at Pitts- Branch, it progresses simultaneously up the main 
Mechanism of Discharge field,@ in which there is a special 12-lens moving- q channel, and out along the branch to its tip, arrest- 
A photographic study of the propagation of the film camera that. covers the entire horizon. This . ing the extension of the branch. The filensity of the 
lightning stroke has been made during the past few camera is being used to obtain statistical data on the S illumination is usually greatest at the point of con- 
years by Dr. B. F. J. Schonland and associates(?)() prevalence of multiple strokes, the number of dis- 4 tact with the earth, and may become quite weak at 
of the University of Cape Town (South Africa) and charges of which they are composed, and the intervals the upper end of the path. It frequently shows a 
by the writers of this article and their associates@) between the discharges. marked reduction after passing the point of junction 
in the United States. Much of this work has been From the results of their tests, Schonland and Col- | with a heavy branch. The South African results 
(26)‘*Direct Strokes to Transmission Lines,’’ by W. W. Lewis and lens) concluded that the lightning stroke originated : how that, on the average, the illumination extends 


C. M. Foust, GENERAL ELEcTRIC REVIEW, vol. 34, no. 8, A t 1931, pp. 1 bie . 1 
469-458. ugust 1931, pp. in the cloud as a comparatively weak ‘“‘leader stroke’’ | upward only about three-quarters of the total length 


_ (?7)“Progressive Lightning,’ by B. F. J. Schonland and H. Coll y ‘ ) Sa i8 : , ? 
Proc. Royal Society, Series A, vol. 143, no. 849—Jan, 1, 1034 op. 652674" Which progressed rapidly toward the earth. Upon , E the original path. Corroborative data on this point 


(28) ‘Progressive Lightning—II,’’ by . J. Schonland, D. J. Mal . ‘ h 5 3 ¥ 3 : $ 
7935, ¢ OR eS, roc. Royal Society, Series A, vol. 152, no. A-877, Now is contact of the leader with the earth, the heavier t been obtained in the investigation with 

» DP. n . _ 3 7 | 

29)‘‘New England Lightning Checks African Studies,"”’ by K. B. 30) ** Pj : : ” : & ~ _(31)*Phot : : : : : Y, 
ceca mieanedl Wen vel toute tary ites ye eGo ee We oreo eee oo Beas, Ann. Rept Sssteaier Eg ioBs Moving Camere,” by Alex 


which the writers of this article are connected, be- 
cause most of the photographs obtained do not show 
the upper end: of the stroke. 

Strokes directed toward the earth but which do not 
reach it, appear to develop by step leaders in much 
the same way as strokes to earth. They develop until 
the available energy is exhausted, and are not followed 
by the heavy main stroke. | 

Fic. 8 illustrates the type of record obtained by 
the Boys camera for a stepped leader and the main 
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Fig. 8. Sketch illustrative of Boys camera photographs 
of step leader and main stroke 


Fig. 9. Boys camera photograph of lightning stroke with 
continuous leader. The main stroke is on the left and 
the leader on the right 


stroke which follows. Only one of the two images 


is shown. Except for minor changes, each step of the 


leader, beginning with the shortest on the left, passes 
over the same path in the atmosphere, and each suc- 
ceeding step increases the length of the path. The dis- 
placement of the paths as shown in the sketch re- 
sults from the motion of the film. Especial attention 
is called to the branch, which developed simul- 
taneously with the main channel, and to the angle 
between the leader and the main stroke, resulting 
from the difference in direction of propagation. 
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Multiple Strokes to the left from the main stroke result from the per- 
The mechanism of discharge is somewhat different sistence of illumination of the stroke path, and ex. 
for any succeeding discharges that may follow in a_ hibit to a certain extent the beaded effect which has 3 
path already established. Ordinarily the leader stroke been observed in many photographs. : 4 ‘ the P raph by one of the writers of this article, the 
for each of these discharges traverses the path to The time intervals between discharges are long ¥ ee ction exists for at least 0.23 second, eventhough 
earth in a single step, at a velocity which may range compared to the time required for a stroke to traverse Laat und resistance was very low, for the stroke 
from one tenth to less than one hundredth of that the distance between cloud and earth, and therefore q pe —- tall steel-frame building thoroughly grounded 
of light. It is much less liable to be branched than the intervals do not require such a rapidly moving ae cS twork of underground pipes. 
the step-leader of the initial strokes. It follows in film for their measurement. Film-drum speeds of~ E et photograph of a stroke to the same build- 
general the same path as the main channel of the about sixty revolutions per minute are desirable, a shown in Fic. 13. The lower image was re- 
initial stroke, but there may be minor changes due to compared to the several thousand revolutions per aa oa fed by a stationary lens. The series of images 
minute used in the study of velocities of propaga- __ moore’ ded by a second lens revolving around 
tion. Data on multiple strokes to transmission lines 
have been obtained by the use of the crater-lamp 
oscillograph") connected to lines equipped with ex- 
pulsion protective gaps, which arrangement makes 
possible the measurement of the time intervals be- 
tween the line faults resulting from repeated lightning 


F ested that this effect is due to a long-time cloud 
4 Be arve as the result of a high ground resistance at 
_ disc oint of contact. However, in an unpublished 


a above was recor 


the first at a speed of one revolution per second. In 
first discharge, which appears at the 


"this case, the 
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Fig. 10. Interval between discharges in the multiple stroke 


A: Data from Norinder (14) 
_ B: Data from Schonland, Malan, and Collens(28) 
C: Data from McEachron(33) 
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Fig. 12. Total duration of multiple strokes, as determined from 11 
readings by McEachron.(33) Schonland, Malan, and Collens(28) 
have reported total durations up to 0.93 second 


discharges to the line, when the intervals are at least 
as long as one half cycle of the power frequency. ‘*) 
Data from several sources are shown in Fic. 10 and 
indicate that the intervals are distributed over a 
range from less than 0.001 second to over 0.5 second. 

From the data so far obtained, it appears that some 
thunderstorms produce many multiple strokes, while 
others appear to produce only single strokes. Fre- 
quently the eye can detect the flickering of the flash 
which results from repeated discharges. Visual ob- 
servations have indicated that about 90 per cent of the 
strokes in some storms were definitely multiple. Fic. 11 
cutting across sharp bends or following heavy branches shows the distribution of strokes with respect to the 
of the original path. Also the entire path may have number of discharges of which they are composed. 
been shifted several yards by air currents during The total interval, from the first to the last dis- 
the interval between discharges.. The main strokes charge in a series, varies from less than 0.001 second 
apparently differ from that of the initial discharge only to about one second, as shown in Fie. 12. 
in that they are less often branched, and are usually 
of lower intensity.) Persistence of Illumination 

A Boys camera photograph of one of the later The illumination following the main stroke ‘may 
discharges of a multiple stroke is shown in Fic. 9. persist for a relatively long time. Walter@ has 
This photograph was obtained in Pittsfield) in June (#)"The Crater-lamp Oscillograph,’’ by W. A. McMorris, M. A. 

a : : eotae Rusher and J. H. Hagenguth, GENERAL ELectric REVIEW, vol. 37, no. 11, 

1934. It is only one of the two images and is similar November 1934, pp. 514-516. 


: (33) ‘‘Multiple Lightning Strokes’, by K. B. McEachron, Elec. Engineer- 
in many respects to Fic. 8, except that the leader ing (A1.E.E. Trans.), vol. 53, no. 12, December 1934, pp.’ 1633-1637. 


A ; 3 (3)‘‘Intermittent Lightning Discharges’, by B. Walter, Philosophical 
stroke is completed in one step. The streaks extending Magazine, Series 7, vol. 30, no. 137, December 1938, pp. 1144-1155. 
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right end of the series, was very weak, but the illumi- 
nation of parts of the path continued up to the time 
of the second discharge at 0.185 second. Nine more 
discharges followed with time intervals of 0.029, 
0.028, 0.0014, 0.012, 0.024, 0.009, 0.022, 0.0007, and 
0.053 second. All but the initial discharge show 
little if any tendency for continuous illumination. 

Other photographs of strokes to the same structure 
_ have shown intense illumination extending during 
_ the entire period of several discharges, with the total 
_ time similar to that for Fic. 13. The continuing illum- 
ination appears to be independent of the order of the 
_ Successive discharges with which it may be asso- 
' Ciated. Since the earth conditions must have been 
the same for each discharge, and the air conditions 
_ during the time of the multiple stroke could not have 
_ undergone change except as the result of the preceding 
discharges, it seems a logical conclusion that the 
difference in the mechanism which causes continued 
“ilumination in some cases and not in others must 
be in the cloud. It appears probable that this long 


Percent of strokes consisting of at Ieast as 
many discharges each as indicated in abscissa 


Fig. 11. Number of repeated discharges in the lightning stroke 


o: Data from Schonland, Malan, and Collens(28) 
x: Data from McEachron§3) 


persisting illumination results from a small current 
flow, perhaps less than 100 amp. Such small currents 
would not have been observed by investigators 
measuring lightning currents by the usual methods. 
One of the writers of this article is now making an 
attempt to measure currents of this general magnitude 
associated with the direct stroke. 


Interpretation of the Boys Camera Photographs 

Sufficient data have not yet been obtained for a 
complete explanation of the leader-main stroke proc- 
ess of discharge, and any interpretation of the phys- 
ical processes involved must be speculative. It ap- 
pears, however, that the leader carries charges from 


> 


Fig. 13. Photograph of multiple stroke to tall steel-frame building, as recorded by stationary 
lens (below) and slow moving lens (above) 


the cloud and distributes them along the path of the 
stroke, to be drained off to ground when contact is 
made.) The discharge of a cloud to ground differs 
from the discharge of an ordinary capacitor in the 
greater distances and times involved, and in the fact 
that the charge of the cloud is distributed throughout 
a large volume of nonconducting air and is not all 
immediately available to contribute to any discharge 
that takes place. After the first step of the leader has 
been projected toward the earth, the feeding in of 
charge within the cloud to the discharge center sup- 
plies the charge for the second step. This continues 
at more or less regular intervals until the available 
charge is exhausted or the stroke has been completed. 

As the leader stroke approaches the earth, the 
charges in the earth move in toward the area directly 
below it, and are particularly concentrated in high 
objects which have sufficient conduction to allow 
such a movement of charges. This means that stream- 
ers might readily be formed from such objects just 
prior to a stroke, and these have occasionally been 


observed. However, it is not necessary to have high — 


objects in order that streamers may be formed. As an 
example, on page vi in the front of this volume is 
shown a photograph of lightning striking & beach in 
New Jersey, only about 100 ft from the camera. This 
photograph is most unusual in that it shows not only 
the ground end of the stroke, but also at least two 
streamers extending upward from the earth near the 
base of the stroke. It appears that there is also a third 
streamer which is longer than the others, and which 
has become a part of the direct stroke. 


Although the time rélations cannot be determined 
with certainty, it is very probable that the streamers 
were formed while the leader stroke was on the last 
step or two of its travel from cloud to earth. The 
forked streamer on the right was about six feet long, 
while the streamer on the left was about four feet 
long. The division in the main stroke about eight 
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Fig. 14. Development of current wave of stroke with step leader 


feet above ground, and the small streamer extending 
upward from it, seem to indicate that the leader and a 
streamer from earth came together at this point. 
While such a phenomenon has been suspected, this 
is the first photograph which has been obtained show- 
ing such streamers, as far as the writers are aware. 

In the case of a transmission-line tower that. is 
about to be struck by lightning, the movement of 
charges into the tower and any streamers which 
may exist represent a current flow prior to the con- 
tact of the leader stroke. As the leader approaches 
the tower the concentration of charges increases 
rapidly, and the current approaches a maximum 
which probably occurs at the time of contact. with 
either the tower or a streamer. Thus the wave-front 
of current is probably determined by the rate of 
propagation of the leader stroke for the last few hun- 
dred feet of its travel. The observed rate of propaga- 
tion of leader strokes is such that a distance of 300 
ft would be traversed in a time of the order of 2 to 30 
microseconds, assuming that the velocities observed 
are applicable to the last few hundred feet of travel. 
In the case of the stepped leader, the propagation 


would be interrupted by the pauses between Steps 
so that the wave front for the complete stroke would 
be expected to consist of a series of short impulses 


separated by intervals which may be as long.as 100. 


microseconds, followed by the main discharge at 
the instant. of contact. As the leader approaches the 


earth, the maximum value of current for each suc. — 


ceeding impulse would increase, as shown in Fic. 


14, assuming that the charge in the leader is main. — 


tained. 


In the case of a continuous leader, Frc. 15, the rate 4 
of rise of current would be somewhat lower, based. 


on the present available information. 


Such a picture of the development of the wave. 


front of current requires that current be built up 
gradually at first, but at an increasing rate, approxi- 
mating an exponential rise. Bell and Price“) have 
shown an oscillogram of potential rise due to a direct 
stroke to a transmission line within one span of 
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Fig. 15. Development of current wave of stroke with 
continuous leader 


the oscillograph, which Lewis and Foust(2) have 
interpreted as representing a stroke current rise 
expressed by: | 

i =300 08! 


where 2=current in amperes 


t=time in microseconds. 


The fact that the main stroke progresses upward, 
decreasing in intensity as it passes branching points, 
and often becoming relatively weak as it approaches 
the cloud, suggests that after contact with the earth 
is made little additional energy is fed into the stroke 
from the cloud discharge center. The intense illumina- 
tion beginning at the point of contact and progressing 
up toward the cloud, and out along the branches 
to their tips, appears to result from the draining off 
of the charge already distributed along the path by 
the leader. If this theory is valid, it would be expected 
that at least for those cases where the main stroke 
fails to reach all of the way to the cloud, the duration 
of current flow in a direct stroke after the crest is 
reached would be little longer than the time required 
for the building tip of the main stroke. Thus for a - 


; d height of one mile, and a velocity of propaga- 
q Se ¢ one tenth the velocity of light, the duration 
oo" : ent flow would be about 54 microseconds. This 
a si agreement with measured values. 

a ud polarity was not determined for most 
s ¢ the. strokes photographed by the Boys camera, 
a ‘+ js not known definitely whether they were all 
=? a same polarity. No differences in the process 
a :. ee down were observed which were attributed 
P a differences in cloud polarity. 


SUMMARY 
; “Many of the more recent investigations of light- 
* ning and its effects have been concentrated on the 
a Bidy of the lightning stroke itself, because it has 
* heen found that a more thorough knowledge of the 
characteristics of the lightning stroke is essential to 
a better understanding of its effects. The measure- 
ments that have been obtained show that the char- 
acteristics and severity of strokes may vary between 
ide limits. 
Be ccoerephic studies of the propagation of direct 
strokes have shown that the discharge is initiated 
by a leader stroke traveling from the cloud to earth, 
3 followed at the instant of contact by the more in- 
tense main stroke which builds up from earth toward 
the cloud. A theory is advanced that the front of the 
a lightning current wave is determined largely by the 
rate of propagation and charge of the leader stroke 
during the last few hundred feet of its travel, and that 
the duration after the current crest (except as it 
may be prolonged in some cases by additional 
charges supplied by the cloud) is largely deter- 
mined by the length and rate of propagation of the 
"main stroke. 
_ The characteristics of lightning and the numerical 
values which have been obtained may be summarized 
as follows: 


B isi 
The clo 


Potentials and Gradients _ 

The potential of the thundercloud is of the order 
of 100,000,000 volts to 1,000,000,000 volts..o™ 

The potentials appearing on transmission lines are 
_ variously assumed up to 15,000,000 volts.” 
| Gradients at earth’s surface directly below active 
- storm, 5 to 280 kilovolts per meter.“ 


F Currents 

_Direct-stroke currents, from perhaps 3000 to over 
_ 200,000 amp.) 

_ Maximum rate of change, 40,000 amperes per micro- 
_ second,(5) but in the average case appears to be of 
_ the order of 4500 amperes per microsecond. 


_ Wave-shape of Current 

Length of front, from less than 2 up to 10 micro- 
_ seconds,‘“) as determined by velocity of propagation 
_ Of leader stroke. 


Duration, up to 80 microseconds or more,“ as 
determined by length of discharge channel and rate 
of building up of main stroke, but may be prolonged by 
flow of small current for a much longer period of time. 


Charge 
From as little as 0.05 up to 20 coulombs in a single 
discharge. 


Polarity — 
Usually unidirectional, but may change between 
successive discharges of a multiple stroke. , 
Of strokes to transmission lines) and antenna 
masts about 95 per cent are negative. Polarity of 
strokes to open country is believed to be more evenly 
divided between positive and negative. 


Multiple Strokes 

May consist of as many as 40 discharges.“ 

Interval between discharges, from 0.0006 second 
to 0.53 second.) 

Total duration, up to 0.93 second.) 

The maximum number of successive discharges 
recorded@%) on a transmission line is twelve.. 

A high percentage of strokes to ground are mul- 
tiple, although only 20 per cent of the strokes recorded 
on transmission lines were multiple. 


Leader Stroke : 


The first discharge has a stepped leader which has © 


a velocity of propagation toward the earth of the 
order of 50 meters per microsecond. The intervals 
between steps are about 100 microseconds. The 
length of each step is about 50 meters. The total 
time to reach the earth ranges up to 0.02 second.) 

Succeeding discharges have continuous leaders 
that have a velocity of propagation toward the earth 
of about 1 to 23 meters per microsecond.(%8)() 


nu 


Main Stroke : 

The main stroke builds up from earth toward cloud 
at about 20 to 140 meters per microsecond. ()() 

On the average it reaches only about three-quarters 
of the distance back to the cloud.® 

The luminosity of the path may occasionally per- 
sist for as long as one second. 


Path of Stroke 

The path of the stroke is determined by the field 
at the tip of the moving leader and by local ionization. 
When near the earth, it is directed by streamers 
extended upward from the earth, especially from tall 
objects. 

The diameter of the core of the discharge is of 
order of 1 to 2 centimeters. 

The electrified region surrounding the core is 
probably several meters in diameter. 

Branching, if present, is usually associated with 
the first discharge. ; 


| | i) 
Lightning Surges Onl Transmission Line Other somewhat different arrangements were used the time rate of change of electric-field intensity 1s 1 
. Ges Tennessee laboratory sponsored by the West- obtained. The adjustment is made so that only | 
7 - | : a ia Electric and Manufacturing Company,® relatively large values, such as those occurring il 
Natural Lightning : ag boratory sponsored by the General Electric during thunderstorms, are recorded. This instrument | 
, | phe Ob a American Gas and Electric Company,“ is coupled to a plate antenna similar to that used for Ii 
Measuring and recording devices — Crest values — Attenuation — Wave shape — Be nis Power Company, and the Michigan labora- the field-intensity recorder. Z | i 
Field intensity data — Current — Potential : _ 4 e of the Consumers Power Company.) The data obtained with the two instruments just Hl) 

By Dr. W. W. LEWIS and C. M. FOUST _ igh Tension Ling: nee nee a ins ae aye | 

ation De a : nowledge of the nature of lightnin ; 

Central Station Department General Engineering Laboratory dausiriae the relative ae of thunderstorms. 


General Electric Company 


REVIOUS to 1924 very little work had been Electric Company brought out the field-intensity 


done in measuring voltage and other charac- recorder, rate of change of field-intensity recorder. © S 
; teristics of lightning surges on transmission lightning-stroke recorder, surge indicator, severity af = 
lines. The spark gap was practically the only meas- meter, crater-lamp oscillograph, and  surge-crest | 
uring device available and it had very obvious ammeter. The automatic magnetic oscillograph has aD an 


limitations. In 1924 the Klydonograph™ was intro- also been called into use for this investigation. 
duced by the Westinghouse Electric and Manufac- The following is a brief description of the various 
turing Company and made use of the Lichtenberg instruments used in the field investigation of lightning 
figure for the recording of lightning surges on trans- on transmission lines‘) : 
mission lines. In 1926 The Surge-voltage Recorder is coupled to the 
the General Electric transmission conductors directly or by means of a 
Company brought out capacitance-type divider. All surge voltages produce 
the surge-voltage re- both positive and negative Lichtenberg figures on a 
_ aa slowly moving film which registers a full week’s 
record. With both figures available for analysis, the 
amplitude and polarity of the surge voltage are 
readily determined and something can be learned 
of the steepness of the wave. This instrument is 
made in the stationary-film type as well as the moving- 
film type (Fie. 1). 

The Cathode-ray Oscillograph alone has all the 
features necessary for the recording of amplitude, 
time, and polarity characteristics of lightning surges. 
When used with suitable automatic tripping 
and timing auxiliaries the complete wave shape 
of the surge may be recorded. A connection 
arrangement which was used with good results 

eh nr a in the laboratory sponsored by the General 
stationary-film-type surge-voltage recorder (right) Electric Company at Cherr yi; Valley (Pennsyl- 

, vania Power and Light Company 220-kv line)“ 

corder, a double-polarity adaptation of the Lichten- in 1930 is shown in Fig. 2. This arrangement utilizes 
berg figure, for recording crest voltage and polarity two oscillographs (Fic. 3), one of which is adjusted 
and indicating steepness of wave front. to record the initial wave front and includes some 


In 1928 the cathode-ray oscillograph was adapted 50 microseconds from the beginning of the surge, 
to the recording of transmission-line surges by both while the other includes some 2200 microseconds and 
the General Electric®) and Westinghouse Com- records all of the lightning transient. 
panies,“) working along different angles of approach. The first increment of voltage rise on the con- 
In the succeeding four years the investigation pro- ductor breaks down the three-electrode gap for the 
ceeded at an accelerated pace) and the General fast oscillograph, thereby starting the cathode beam 
Sere OMe ae and the time axis. The cathode excitation for this 
Oe he Klydonograph and Its Application to Surge Investigation,’’ by 


J. H. Cox and J. W. Legg, A.I.E.E. Trans., vol, 44, 1925, pp. 857-871. oscillograph breaks down the three-electrode gap 
(2)“Lightning Investigation on 220-kv System of the Pennsylvania : : 
Power and Light Company (1928 and 1929),” by N. N. Smeloff and A.L. for the slow oscillograph, thereby starting the second 
Price, A.I.E.E. Trans., vol. 49, July 1930, pp. 895-904. ‘ : ‘ 
(s)“Lightning on ‘Transmission Lines,” by J. H. Cox and E. Beck, Cathode beam and time axis. Deflection-plate con- 
A.I.E.E. Trans., vol. 49, July 1930, pp. 857-865. _ | ° 6 
(“Lightning Investigation onTransmission Lines,” Part I, by W.W. nections for both oscillographs are made through 
Lewis and C. M. Foust, A.J.E.E. Trans., vol. 49, July 1930, pp. 917-928;. : d ney Z 
Part II, A.I.E.E. Trans., vol. 50, September 1931, pp. 1139-1146; Part III; a single-capacitance voltage divider. With the 
A.I.E.E. Trans., vol. 52, June 1933, pp. 475-481; Part IV, Electrical Engi- . . : 
neering, vol. 53, August 1934, pp. 1180-1186; Part V, Electrical Engineering, Circuit as shown, the oscillographs commence opera- 
vol, 54, September 1935, pp. 934-942. : j : ° , 
(5)‘Summary of Five Years’ Work in the Study of Lightning Effectson tion in less than one-half microsecond. 
Transmission Lines,’’ by W. W. Lewis, Paper 45 presented at the International 
é Conference on Large Electric High Tension Systems, 6th Session, 1931, vol. 1, (8)‘‘Instruments for Lightning Measurements,” by C. M. Foust, 
pp. 713-752. GENERAL ELEctTRIc REVIEW, .vol. 34, no. 4, April 1931, pp. 235-246. 


Fig. 2. Connection diagram for the automatic operation of two Fig. 4. Field-intensity recorder 
cathode-ray oscillographs in the transmission-line laboratory 


Fig. 3. The two cathode-ray oscillographs in the lightning laboratory of 1930 


By means of the Field-intensity Recorder a photo- Fic. 4 shows a view of the field-intensity recorder. 
graphic record on motion-picture film of the vertical Fic. 5 shows a typical record taken with this instru- 
component of the cloud electric field intensity (voltage ment as well as a record obtained at the same time 
gradient) versus time is obtained. The device is with the rate of change of field recorder. 

_ Coupled to a plate antenna supported above the ground The Lightning-stroke Recorder registers the poten- 
- in the cloud dielectric field. : tial difference across a vertical or horizontal length 
_ With the Rate of Change of Field-intensity Recorder of tower or conductor, or across a resistance element. 
4 photographic record of the vertical component of The record is in the form of a Lichtenberg figure and 


gives an idea of the crest voltage, polarity, and type antenna wire is within the cloud field, it obtains , 3 4 wires, and buried counterpoise wires have 

of surge (Fic. 6.) charge proportional to the strength of the fielg "fe Se sevel oped. Each bracket supports two magnetic 

The Surge Indicator is installed on the cross-arm When the stroke takes place, the field around the - . at different distances from the center of cur- 

of a tower in such a manner that the flashover of an wire collapses and the antenna charge passes through 7 Be cow. This arrangement gives a large range of 

insulator string, due either to lightning or to operat- the glow tube, producing a proportional illumination _ nt readings and permits interpretation of the 
ing-frequency voltage, will cause the operation of a which is recorded on the photographic film. The © q . Pais in terms of oscillations (Fic. 11). 

frangible link which in turn exposes a target. This depth of light exposure on the film is a measure of _ “ss uring the years 1932 to 1936, inclusive, approxi- 

target can be viewed from the ground and informs the the integrated field intensity over the period of ex. cl y 4000 measurement stations were installed in 

: 4 a country on towers, crossarms, ground wires, 

a and. counterpoise wires of transmission lines, princi- 

a pally of the Pennsylvania Power and Light Company, 

a " Appalachian Electric Power Company, Pennsylvania 


> 


Fig. 5. Typical record obtained with field-intensity recorder (upper) and with rate of 
change of field recorder (lower) 


posure. The depth of exposure can be readily meas- 
ured by photometric methods and a definite and 
arbitrary rating for storm severity may be obtained 
(Fic. 8). | 

The Surge-crest Ammeter™®) was introduced in x | | 
1932 and consists of an ammeter proper and mag- Fig. 8. Lightning severity meter 
netic links. The small magnetic links of cobalt steel, ; , | 
of high magnetic retentivity, are placed in the 
magnetic field surrounding the tower leg. As a surge | a < 
’ passes through the tower leg the links become : 

' Fig. 6. Lightning-stroke recorder magnetized. They can then be placed in the surge- 


Fig. 10. Magnetic Links 


Left: Without shield as used in field. : 
Righi: With shield for handling when magnetized. 


_ Water and Power Company, and Philadelphia Elec- 
_ tric Company, ranging from 66 kv to 220 kv. Each 
measurement station or installation consists of a 
_ bracket and two magnetic links. 
| 5 Fic. 12 illustrates the arrangement of magnetic links, 
_ brackets and other instruments on a typical tower on 
4 the Wallenpaupack-Siegfried line. By means of the 
“indication of the surge indicator and the records of 
_ the magnetic links and lightning-stroke recorders, sup- 
_ Plemented by the records of the automatic high-speed 
_ Oscillographs at the stations, it is possible to de- 


Fig. 7. Surge indicator 


Left: Instrument ready for operation with frangible link installed. 
Righi: Instrument with link disrupted and target in view, indicating a surge. 


patrolman that a particular insulator string has crest ammeter where a direct indication of the value 
flashed over. The patrolman can then climb the of the current that caused the magnetic field is 
tower to inspect the insulator string and reset the given. In addition to the magnitude of the current 
instrument (Fic. 7). This instrument was introduced crest, its polarity and its amount of oscillation, if 
in 1930 and about 2500 of them were placedin service. any, is given (Fics. 9 and 10). termine quickly and accurately the location of the 


The object of the Severity Meter is to compare the | Brackets for mounting the magnetic links on trans- Hlashover which caused a trip-out. The magnitude 
relative severity of different storms or storm periods, ™!SSion-tower legs, distribution lightning-arrester “Of the lightning current, its distribution about the 
in terms of intensity and time duration. The instru- t0und leads, lightning-rod down leads, overhead tower, its polarity and direction of flow, whether itis 
ment consists of a camera containing a photographic ()“The Surge-crest Ammeter,” by C.M. Foust and H. P. Kuehni. ! ‘Unidirectional or oscillatory, the voltage from top to 


GENERAL ELEcTRIC REVIEw, vol. 35, no. 12, December, 1932, pp. 644-648. 


film, a glow lamp, and a vertical antenna. When the  pendercon’ Blecirical Ewormeching fel, Sar heal 1855; 0F BESS Pottom of tower and the phase or phases which 


flashed over, may all be determined by the unusually 
complete installation of instruments on this line 
accompanied by careful attention to details by the 
operating staff. 

Another very complete installation is that of the 
Glenlyn-Roanoke 132-kv line, illustrated in Fie. 13. 
Here again the records secured at the towers, supple- 
mented by automatic high-speed oscillograms and 
alert co-operation between members of the staff, 
permit a reliable interpretation to be made of the 
effect of the various strokes. | 

In 1935 approximately 1225 installations of mag- 
netic links on distribution-circuit lightning-arrester 


r 


Fig. 9. The surge-crest ammeter 


Fig. 11. Brackets for magnetic links 


Left: For distribution-arrester ground leads. 
Right: For transmission-line tower. 


down leads were made on the systems of the Common- 
wealth Edison. Company (Chicago), Detroit Edison 
Company, Edison Electric Illuminating Company 
(Boston), and Georgia Power Company. The 
voltages of the circuits ranged from 2300 to 24,000 
volts. 7 
The Automatic Magnetic Oscillograph™ and the 
Crater-lamp Osctllograph") have been used on a 
number of systems for the purpose of recording the 
current and voltage under conditions of short circuit 
following an insulator flashover. They are useful 
in giving the time of a disturbance, the phase on 


oon 


(9)‘‘Discharge Currents in Distribution Arresters,’’ by K. B. Mc- 
Eachron and W. A. McMorris, Electrical Engineering, vol. 54, December 
1935, pp. 1395-1399. | : : 

(10)**An Automatic Oscillograph,’’ by C. M. Hathaway and R. C. Buell, 
Trans. A.I.E.E., vol. 51, March, 1932, PP. 222-225. : 

(11)“The Crater Lamp Oscillograph,” by W. A. McMorris, M. A. 
Rusher and J. H. Hagenguth, GeNeRAL ELectTRic REVIEW, vol. 37, no. 11, 
November 1934, pp. 514-516. 
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which the disturbance takes place, and the approxi- value line-to-neutral voltage. On the Philo-Canton go=initial surge voltage in kv at the point 
mate location of the flashover on the transmission 132-kv line of the Ohio Power Company, voltages . where the surge originated 
line (Fic. 14). up to 1640 kv or 15.2 Xnormal have been measureq _— | K =a proportionality factor found empirically 
Both of these lines are steel-tower lines. On the q _ s=distance in miles from the origin of the 
RESULTS OF INVESTIGATION 110-kv H-frame wood-pole line of the Arkansag { surge 
Crest Value of Surge Voltage Due to Lightning and Power and Light Company, voltages of 4500 and q e=voltage in kv at distance s 
Switching 5000 kv have been measured.“ It appears that the - a A=attenuation in kilovolts per mile at any 
Voltages from conductor to ground up to 3000 kv limit for these values is set by the line insulation 99 point where the line voltage is e. 
in magnitude have been measured on the Wallen- and that this limit increases as the line insulation @q 7 
paupack-Siegfried 220-kv line of the Pennsylvania js increased. | 
Power and Light Company, or 16.7Xnormal crest Fig. 15 gives a curve of voltage on lines due to light- 
: ning as measured bysurge-voltage recorders (X norma] 
line-to-neutral voltages against percentage of time 
ee oon ae ose a occurring). The data are based on a study of 678 
\ surges due to lightning, occurring on 14 systems 


where 


The factor K has been shown to vary between 
9.0001 and 0.0007 depending upon the particular 
. line under consideration. This formula agrees with 
3 results of attenuation studies where artificial light- 
* ning was used on an actual transmission line. 

Assuming K =0.00016, we find from Equations (1) 
and (2) that surges of various values will attenuate to 
one-half value in the distance given in the following 


LIGHTNING ROD 


. table: 
a sis Distance to Attenuate 
Tnitial Value to One-half Value 
(Kv) Miles) | 
2000 ou 
1000 — 6.25 
500 1229 


Detailed studies have proved that attenuation is 
dependent on polarity and wave shape. Positive 
surges decrease more rapidly in amplitude than 
So, 36 lUd negative surges, and chopped waves of short time 
prone ae ile es _ : : ‘~~ element attenuate more rapidly than longer and 
oe bestia — |  unchopped waves. The influences of corona and polar- 
TOOUNTERPOISE a . ity effects, which have been shown to be great in 
| Wine si) q connection with surge propagation, are probably de- 
BRACKETS FOR : es ce 2 F ¥ Se | 
MAGNETS le q termining factors. 
! Wave Shape of Lightning Surges 
Fig. 12. Diagram of tower of Wallenpaupack-Siegfried 220-kv line : . ‘. 4 . : 3 a cA cathode-ray oscillograph was installed in the 
showing the location of measuring and recording equipment 4 ee : , ; J om. . ae ° 
lightning laboratory on the Pennsylvania system at 
3 2 | _ Wallenpaupack (Pa.) (Tower 1-3) during the latter 
zsh etic ne | : _ part of the 1928 season and one oscillogram was 
Fig. 14. Automatic oscillograph : ‘ 


BRACKET FOR, q _ obtained of a lightning surge. The surge was positive 


RESISTOR p REC 
GROUND WIRE a OROER 


= 
BRACKET FOR Ca 
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during the years 1926 to 1930, inclusive. Fic. 15 also fell to 50 per cent of that value in 17 microseconds 
shows a curve of voltage due to switching surges _ and to zero in 35 microseconds. The crest voltage of 
measured by surge-voltage recorders, based on 724 y the main wave was approximately 600 kv (Fic. 16a). 
surges occurring during the years 1927 to 1930 inclu- : 4s At a point 17 mi from the laboratory a value of 


i 


SZ 


YW) 


asa qe ee sive on practically the same systems from which the : _ 2100 kv was measured by the surge-voltage recorder. 

NO B SS Ev, lightning data were taken. L _ In 1929 the cathode-ray. oscillograph installation 

Lee Mas | ; ; 4 was continued at Wallenpaupack and in the course 

a ; "B\ GROTEO MOE Attenuation of Surge Voltage - 4 of the season 95 surges were recorded. Of these 

= 27 Much has been learned concerning attenuation or : _ there were 50 surges under 100 kv, 30 between 100 
diminution of voltage amplitude of surges as they Be ; and 300 kv, and 15 over 300 kv at the laboratory. 

travel along the conductor. For general purposes, = 4 Table I gives the range of time to crest and to 


formulas derived from natural lightning measure- _half-crest value on the tail for the 30 oscillograms 
fs ments by Foust and Menger are of sufficient. aCe ; 7 with voltage magnitudes between 100 and 300 kv. 
\ La pSTROKE curacy for practical calculations.” The formulas.are ; 4 Table II gives the range of time to crest and to 
BRACKET FOR oA as follows: ‘ 4 half-crest value on the tail for the 15 oscillograms 
| _ with voltage magnitudes exceeding 300 kv. The 
_ Voltage magnitudes in this classification range from 
cote Aboice es, : | q aa 1260 kv. The wave-front ranges from 1.6 to 
and Ae | (2) roseconds. Two of the oscillograms obtained 


: Could not be a 
Sle ads ; : Sy Saar eR Tl 
Fig. 13. Diagram of tower of Glenlyn-Roanoke 132-kv line showing (22)“Lightning Investigation on Wood Pole Lines,’’ by R. R. Pittman, ; du ae s alyzed for wave front. The total 
arrangement for measuring and recording strokes and J. J. Torok, A.I,E.E. Trans., vol. 50, June 1931, pp. 568-573. : Tation varied from four to 75 microseconds. 
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LIGHTNING-STROKE ; : in polarity, rose to maximum in eight microseconds, 
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50 60 70 60 90 100 
Percentage Exceeding Voltage Indicated by Ordinates . 
Fig. 15. Curves of voltage against percentage of number occurring 

for lightning and switching surges on transmission lines. 
(Based on data from 14 systems taken from 1926 to 1930, 
inclusive) 


TABLE I 


RANGE OF TIME TO CREST AND TO HALF-CREST 
VALUE ON THE TAIL FROM CATHODE-RAY 
OSCILLOGRAMS OF 100- TO 300-KV LIGHT- 
NING SURGES 


(PENNSYLVANIA POWER AND LIGHT COMPANY 
220-KV LINE—YEAR 1929) 


Time in To Half-crest 
Microseconds To Crest Value on Tail 


O=f 
11-2 
2.1-3 
3.1-4 
4.1—-5 
5.1-10 © 

10.1—20 
20.1-30 
30.1—40 
40.1—50 
50.160 
60.1—70 
70.1—80 
80.190 
90.1-100 
100.1-150 
150.1—200 


Total 30 30 
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TABLE II 


RANGE OF TIME TO CREST AND TO HALF-CREST 
VALUE ON THE TAIL FROM CATHODE-RAY 
OSCILLOGRAMS OF LIGHTNING SURGES 
OVER 300 KV 


(PENNSYLVANIA POWER AND LIGHT COMPANY 
220-KV LINE—YEAR 1929) 


To Half-crest 


Tj A 
ime in To Crest Value on Tail 


Microseconds 


0-1 
tet—2 
2.1-3 
3.1-4 
4.1—5 
5.1-10 

10.1—20 
20.1—30 
30.1-40 
40.1-50 
~ 50.1-60 
60.1—70 


Total ee 14} 
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*2 others doubtful. 
{1 other doubtful. 
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Approximately 60 per cent were positive and 40 In considering the magnitudes of these waves 
per cent negative for the first loop. Within the time and their front and duration, it should be remembereq 
range of the oscillograms obtained, two-thirds of the that all of the waves were measured at the termina] 
waves were oscillatory and one-third unidirectional. of the transmission line and the voltage values 
recorded were influenced by reflection. In most caseg 


and this was later verified as a flashover on phase X, five microseconds. At this rate the extreme upper 
poth by surge indicator and by marks on the insu- limit of lightning-stroke current of approximately 
jators. The surge indicator on Tower SR 23-3X also 200,000 amp would require eight microseconds to 7 | 
operated, but no marks were found on the insulators. reach crest value. An insulator flashover of 1800 kv ih) 
This places the lightning stroke as being on phase X, due to a stroke to a tower of 50 ohms footing resist-. 


the waves originated on the line many miles from the between the two towers and possibly nearer Tower. ance would be reached in about Six microseconds. | 
terminal. The waves, therefore, have been subjecteq 93-4. The conductor was examined but ‘no marks This is slow compared with the time length (approxi- 
to considerable attenuation in magnitude and change found to assist in a more definite location of the mately 0.1 microsecond) of the tower structure. | 
in form. Taking this into account and the extremely stroke. Surge-voltage recorders connected to the In Fic. 18 are plotted the wave front (time from i 
high magnitudes measured on the line by surge. three phases at Tower 5R 23-4, and to an adjacent beginning to crest) against kilovolts for, 45 waves | 
voltage recorders, it is reasonable to assume that - ss | | 
: ee i —_ Siete alt : many of the waves at their origin have fronts steeper ae See CECE SESE Secured of Fodor i 
ee : than those measured by the cathode-ray oscillograph, ) CESS ZseqR Re Aca © Positive 1929 (32) |||) 
In Fic. 16 are shown the oscillograms of the 1928 Be A Peeegepaopeet ttt tt tt a i] 
(a). First cathode-ray oscillogram of lightning surge on a transmission ges an Ce bes ciet Oy wees meres surges ae | | (Sasa ease ee eeseeeee 2 fos se SE ea | | 
line. Taken at Wallenpaupack July 27, 1928, on phase Y. The obtained during 1929. 1000 me mimes eet Tea ea ie eae 9 ieee es a | 
superimposed oscillations are due to flashover on an adjacent : ‘ : mums el a es : aoe eles | 
phase. A cathode-ray oscillograph was installed in 1999 -1500 51) Sessa reser 
me — Seance e sd on the Ohio Power Company’s system at Newcomers- 5 PWT PT tt EAS Ea i 
ao B «=iOSCILLOGRAM N02 _town.“) Ten lightning surges were recorded, of , See a a He ot a | 
~1a0e : —  ——COrrt—“‘“‘_OOSs—<—sSs which only three were equal to or greater than norma] 725001 | [Ledge of Fim | ttt ttt é i} 
—so a. ——isCiCiC (108 kv). All the recorded surges were positive and -sooo LL A SEROUS IORI Be 
= 600 |2 | - _ all unidirectional. The wave fronts varied from four Fig. 17. Reproduction of an oscillogram showing voltage due to Fig. 19. Time to half-crest value on tail of the 45 waves whose 
-~%oo LS to 30 microseconds and the total duration from 45 direct enti ee 1650) (Cherry lengths of front are shown in Fig. 18 - 
Beers to 60 microseconds. ieee 
° In the Consumers Power Company investigation() 1300 


Wave Front 
Measured at End of Line 
Oo Positive 1928 (1) 
© Positive 1929 (31) 


Micro-seconds oS 
teto, ~~ a for 1929, seven cathode-ray oscillograms of lightning 
| . : a5 : | -surges 200 kv and above were obtained. The wave — 


ee ee _ e oe 1000 SS ee 4 Negative 1929 (12) 
a aed es 900 
(bd). Cathode-ray oscillogram obtained on May 29, 1929. Dead-end fronts varied from 0. to seven microseconds, The 800 pt © Positive 1930(12) 
rotective gaps at this point flashed over on all three phases. total duration of the first loop varied from 0.7 to 40 » 00 SS BEE ee ee 4 Negative 1930(4) 
his flashover caused a sharp change in voltage from 1260-kv S g Meee ills = ee 
neeetive ie p10 ey positive in one microsecond. Flashover took microseconds. Four of the surges were of negative & 600 SSE ae ae 
a ave. ; Re : < ‘ 
polarity and three positive. Five of the waves were i pf 
idirectional and ill | _o | Ba Rents ee ee ee 
: unidirectional and two oscillatory. 00 
: In 1930 the Pennsylvania laboratory was moved a JES eras FS Se 
. to a point along the transmission line adjacent to : Seri a “or 02 03 040506 08 1 2 3 45678910 20 30 405060 
Seay — ee Tower 23-4 of the Siegfried-Roseland section (Cherr Microseconds Microseconds 
“ate Valley) (15) Thi ti f |i : ithout ( h - Fig. 18. Length of front of 45 waves caused by lightning on the Fig. 20. Length of front of 16 waves caused by ee on = 
. a: aie coat ee ecer  ecleN SS 220-kv Wallenpaupack-Siegfried line, as recorded at end 220-kv Wallenpaupack-Siegfried line as recorded at midpoin 


ground wires. At this location many flashovers had 
: i biti pated, been noted in previous years. Two oscillographs 
7 Mos Cea — were installed on the same phase of the line (phase X), 
one with a short sweep (50 microseconds) and the 
other with a long sweep (2000 microseconds). During 
the season 23 lightning surges were recorded, of 


of line by cathode-ray oscillograph of line by cathode-ray oscillograph 


4 
 Kilovolts” 


antenna 50 ft in height, indicated the following of which cathode-ray oscillograms were secured art 
voltages: Wallenpaupack in 1928 and 1929, and in Fic. 19 
sae are plotted the time to half-crest value of the tail 

SR 23-4X: 2640 to 3080 kv negative 3 


(c). Cathode-ray oscillogram taken on June 19, 1929. Record ob- 


ined while li ized. ill risi SR 23-4Y: Not over 1620 kv negative TABLE III 
end ot we m crosecon ds and was then suddenty reduced to. ero, which one was under 100 kv, Leh: between 100 and 300 SR 2 3-4 : No E Guer 7 20 lee aoe five RANGE OF TIME TO CREST AND T O HALF-CREST 
UW ; : 
33 mi away, which appeared to correlate with this osciliogram. -&V» and 11 over 300 ky. | 50-ft antenna: No voltage recorded VALUE ON THE TAIL FROM CATHODE-RAY 
Table III gives the range of time to crest and to Pee OSCILLOGRAMS OF LIGHTNING SURGES 
— a half-crest value on the tail for the 1930 cathode-ray Trip-out 22 of the Wallenpaupack-Siegfried line (PENNSYLVANIA POWER Neen COMPANY 
 - | oscillograms. Approximately 75 per cent of the waves occurred coincident to this surge and, as indicated by ge ei, 7 
OSCILLOGRAM NO.7 were oscillatory and 25 per cent unidirectional, with the high-speed magnetic oscillographs and recording Mime it ae To Crest ey eile ot 


ammeters, was due to a fault on phase X. 


approximately two-thirds positive on the first loop ee ee Pe nioe liborand. Trot 
. 17 is areproduction of this osci : 


200 and one-third negative. : 0-1 4 1 
ees Fic. 17 is especially interesting. The oscillogram phe oscillogram the writers obtained th = toouue Ae 3 i 
was obtained on July 24, 1930 at 1:41 p.m. with a €quation for the current in the lightning stroke: ana 9 1 
lightning storm directly over the laboratory. Coinci- 6=300 €2°8! at , A 
dent with obtaining the oscillogram there was a aa : : 10.1-20 2 1 
flashover at Tower 23-4 (adjacent to the laboratory) - ees) expressed in amperes and ? in mucro- TO ‘ i 
(d). Cathode-ray oscillogram taken on June 19, 1929. This is a wave abe is) ea: : ees : ' Stee ay ae : 40.1-—50 1 | 
oe ee ee Emp an a rte of sve of (00 amp fer microucond ae —| ss —| 
distant from the laboratory and some distance from the line. 3 reo Ory nae eee aie ee woe . George and P and a rate of rise of 600 eiap Pee Nieroseco Total Le Le 


ra Fig. 16. Cathode ray oscillograms of potential on transmission lines Per ane Cee ete SE er ou ead 
due to lightning. (Taken at Wallenpaupack 1928 and 1929) Trans., vol. 50, September 1931, pp. 1101-1110, ie 


at one microsecond, also a current of 16,000 amp _ 
and a rate of rise of 13,000 amp per microsecond at *6 others doubtful. 


(measured from the beginning) against kilovolts for 
the same waves. 

In Fic. 20 are plotted the wave fronts against 
kilovolts for 16 waves, the oscillograms of which were 
secured at Cherry Valley (Tower 23-4) in 1930, and 
in Frc. 21 the time to half-crest value on the tail 
against kilovolts for the same 16 waves. One oscillo- 
gram (Fic. 17) taken at Cherry Valley is not plotted. 
This was a direct stroke that flashed over the line 
insulators at approximately 3000 kv on the front 
of wave; therefore this wave could not be included 
on the same basis as the others. 

These figures show that, in general, the waves at 
the midpoint of the line are shorter, both as to 


© Positive 1930(12) 
4 Negative 1930( 4) 


D 
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0.1 02 03 040506 08 1 2 3 4 5 678910 20 30 405060 
Microseconds 


Fig. 21. Time to half-crest value on tail of the 16 waves whose 
lengths of front are shown in Fig. 19 
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PERCENTAGE EXCEEDING VOLTAGE 
INDICATED BY ORDINATE 


Fig. 22. Cumulative curve of voltage across 40-ft 
vertical of towers on Wallenpaupack- 
Siegfried line during seasons 
of 1933 and 1934 
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front and duration, than the waves at the end of the 
line. Possibly the difference in length may be ac- 
counted for by the waves being recorded nearer their 
origin at Cherry Valley than at Wallenpaupack. 
The waves recorded at the latter place would tend 
to attenuate and lengthen out both on the front and 
tail by travel over the transmission line. At the end 
of the line the waves may reflect and increase in 
voltage; this increased voltage would tend to arc over 
the oscillograph trip-gap more often, thus giving 
more records. 

Dr. H. Norinder recorded wave shapes of current 
in lightning strokes, by means of a cathode-ray 
oscillograph connected to a coil, the coil being 
supported in the air and exposed to electromagnetic 
induction from vertical lightning strokes.( 


(16)‘*Lightning Currents and Their Variation,’’ by H. Norinder, 
Journal of the Franklin Institute, vol. 220, no. 1, July 1935, pp. 69-92. 
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From his records Dr. Norinder found that the time 
to reach crest value of individual current surges 
varied from small values in microseconds up to 19 
microseconds, with the most common values between 
three and six microseconds. The total duration of the 
individual current surges, he found, varied from 


small values up to 60 microseconds, with most com. 


mon values between 10 and 30 microseconds. 


Potential Difference Across Vertical Section of Tower 


The lightning-stroke recorders shunted across 409 


ft of the height of the tower leg on the Wallenpaupack- 


Siegfried line recorded voltages from three to more . 


than 50 kv. In the latter case, the film of the instry- 
ment flashed over. About 90 per cent of the voltages 
were under 40 kv. The range and distribution of 
these potential differences for 1933 and 1934 are 
given in Table IV. Fic. 22 shows a cumulativ 
curve based on the data of that table. : 


TABLE IV 


POTENTIAL DIFFERENCE ACROSS 40 FT OF TOWER 
FROM LIGHTNING-STROKE RECORDER 
READINGS 


(WALLENPAUPACK-SIEGFRIED 220-KV LINE) 


NUMBER OF OCCURRENCES 
w 
1933 1934 Total 


Range of 
Volts* 


1,000— 5,000 

5,001—10,000 
10,001—15,000 
15,001—20,000 
20,001—25,000 
25,001-30,000 
30,001-35,000 
35,001—40,000 
40,001-—45,000 
45,001-—50,000 
50,001—55,000 


a 


FONE RWONMNOP, 
wae 


Ot Dr Oc NT DO 
RMON SOON NPN oO 


Total 


iN 
(0) 
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_. *Majority of voltage records negative, that is, top of tower negative 
with respect to bottom. 


As shown in Table IV, field data pertaining to 
voltages across the tower structures during the flow 
of lightning currents show that these potentials are a 
very small portion of the total voltage required for 
insulator flashover. A maximum of 100 kv from 
tower top to ground is indicated and the great 
majority are below 50 kv, and many too low to be 
measurable (below 5 kv). Measurements of potential 
on line conductors show direct strokes giving poten- 
tials limited only by insulator flashover. The rate 
of rise of potential is not extremely rapid, however, 
requiring in one case five microseconds to flash 
over. 


Field Intensity Data 

Records obtained from the field-intensity re- 
corder“) were measured and the data plotted for 
each storm on cross-section paper, the abscissas 
representing time and the ordinates the voltage 


gradient in kilovolts per meter. Fic. 23 shows the 
data for the storm of June 19, 1929. 

A study of the records indicates that the readings 
for any one storm are usually of one predominant 
polarity, which may be either positive or negative. 
Of 33 storm periods studied, about 40 per cent gave 
readings predominantly positive, about 40 per cent 
predominantly negative, and about 20 per cent 
mixed positive and negative. 7 

Dr. Norinder“ has reported observations of both 


| positive and negative cloud polarities, with the 


positive polarity predominating. Dr. G. C. Simp- 
son8) reached the conclusion that there are at least 
four times as many discharges between positively 
charged clouds and the ground as between negatively 


charged clouds and the ground. 


In Fic. 24, kilovolts per meter are plotted as ab- 
scissas against number of strokes as ordinates, as 
measured by the field-intensity recorder. | 

In Fic. 25 an attempt is made to correlate the 


potential gradient with distance of the stroke from 
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_ Fig. 23. Field-intensity data obtained by the field-intensity recorder 
_ during the storm of June 19, 1929 


the laboratory. The distance was determined roughly 
by an observer in the cupola of the laboratory with 
the assistance of a stop watch and a device for 
sighting on the stroke. Of 253 strokes of more than 
15 kv per meter recorded, it was possible to correlate 
in this manner only 81 strokes or 32 per cent of 
those occurring. The other strokes were too uncertain 
in correlation or else no satisfactory distance measure- 
ment was obtained. It will be noticed that the correla- 
tion is very rough, but that there is a tendency for a 
curve showing greater field intensity with shorter 
distance from the laboratory. 

Dr. Norinder studied the rate of change of the 
cloud field at the time of the lightning stroke by 
means of a cathode-ray oscillograph connected to a 
horizontal antenna. The maximum field changes in 
partial discharges of the lightning stroke, expressed 
i volts per meter per microsecond, are plotted 
against distance between’ the observation point and 


(17)“On the Nature of Lightning Disch a i 

A \ g Discharges,’’ by H. Norinder, Journal of 

the F (sypitt Institute, vol. 218, no, 6, December 1934, pp. 717-738. 

Engi ) ightning, by G. C. Simpson, Journal Institution of. Electrical 
8ineers,” vol. 67. no. 395, November 1929, pp. 1269-1282. 


the lightning path in Fic. 26, which is reproduced 
from Dr. Norinder’s article.“ 


Current in Lightning Strekes 

Table V gives the maximum currents that have 
been read by magnetic links placed on transmission- 
line towers. 


TABLE V 
MAXIMUM CURRENTS RECORDED BY 
SURGE-CREST AMMETER— 
YEARS 1933, 1934, 1935 
Probable 
Tower 
ne Gist | Gute 
Philadelphia-Delaware (66 kv) 132,000 156,000 
Glenlyn-Roanoke (132 kv) 100,000 220,000 
Safe Harbor- Westport- Takoma 

(220 kv) 72,000 180,000 


Wallenpaupack-Siegfried (220 kv) 54,000 109,000 
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Kilovolts per meter 
Fig. 24. Curve showing field gradient against number of strokes as 
obtained by the field-intensity recorder during the 1929 season. 
Ordinates represent number of strokes giving intensity greater 
than specified value 


Records of 358 strokes were obtained in the years 
1933, 1934, and 1935. The table gives data for the 
tower with the highest current where several towers 
are involved in a stroke, and for the probable total 
stroke current, obtained by adding the currents in 
all the towers affected by a stroke. ; 

Although the tower currents go to approximately 
130,000 amp, only about one per cent exceed 100,000 
amp and about six per cent exceed 50,000 amp. 
The probable stroke currents go to 220,000 amp 
but only about six per cent exceed 100,000 amp. Of 
the 358 strokes recorded, approximately 95 per cent 
were of negative polarity, that is, top of tower 
negative with respect to bottom of tower and 
ground. | 

McEachron and McMorris® have summarized 
the data obtained in 19385 of discharge current 
through lightning arresters on distribution circuits of 
the Commonwealth Edison Company (Chicago), De- 
troit Edison Company, Edison Electric Illuminating 
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Fig. 25. Correlation of potential gradient with distance of stroke 
from Wallenpaupack laboratory, season of 1929 
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Fig. 26. Field changes in volts per meter per microsecond 
vs. distance between observation point and 
lightning path (Norinder) (16) 


Company (Boston), and Georgia Power Com- 
pany. The voltage of the systems ranged from 
2300 to 24,000 kv. A total of 156 positive and 255 
negative records were obtained. The maximum 
currents recorded were 14,000 amp positive and 
17,000 negative. Of the 411 records, 150 were 1500 
amp or more and 38 were 5000 amp or more; the re- 
mainder were of values less than 1500 amp. Approxi- 
mately 60 per cent of the records were of negative 
polarity. (Fic. 27.) 

A similar investigation was carried out in Germany 
by means of magnetic links made of bundles of fine 
wire consisting of quenched chromium-treated carbon 
steel.“®) Data were obtained from about 20 systems 
ranging in voltage from 10 to 100 kv. In 1933 and 
1934 data were obtained on 224 lightning strokes which 
affected the magnetic links on towers, ground wires, 
and conductors. The currents in the towers varied 
from 5,000 to 70,000 amp, with the preponderance 
of readings between 10,000 and 30,000. Total stroke 
current, found by adding up the components of 


(19)‘‘Determining the Location of Points Struck and the Current 
Distribution in the Case of Lightning Strokes on Metal Towers and Ground 
Conductors,” by H. Griinewald, Paper 326 presented at the International 
Conference on Large Electric High Tension Systems,'’ 1935, vol. 3, pp. 1-25. 


‘cutrent in the different parts of the circuit, varied 
from 0 to 100,000 amp, with 77.5 per cent between 
0 and 40,000 amp, 10 per cent between 40,000 and 
50,000 amp and 12.5 per cent between 50,000 and 
100,000 amp. Approximately 86 per cent of all the 
strokes were of negative polarity, about 12.5 per cent 


of positive polarity, and the remaining 1.5 per Cent | 


were not determined with certainty. 

Berger) reports some data obtained in 1935 on 
the 150-kv Gothard line in Switzerland. Tower 
currents up to 40,000 amp and stroke currents up to 
70,000 amp were recorded. Of 13 tower currents, 
nine were negative, three were positive, and one was 
doubtful of classification. 


o) 5,000 10,000  —- 15000 
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Fig. 27. Cum*alative curves of positive and negative currents recorded 
in distribution arrester ground leads in 1935 on the systems of the 
Commonwealth Edison Company (Chicago), Detroit Edison 
Company, Edison Electric Illuminating Company 
(Boston), and Georgia Power Company. 

(McEachron and McMorris) (9) 


Repetitive or Multiple Strokes* 

By means of the automatic oscillograph and its 
modification the crater-lamp oscillograph, it has been 
possible to obtain some data on repetitive strokes. 
The following is from McEachron’s description of 
this work :@) 

The application of expulsion gaps to the 132-kv 
Glenlyn-Roanoke (Va.) and Roanoke-Danville (Va.) 
line of the American Gas and Electric Company, @) 
and to the Laurinburg-Wilmington (N. C.) 110-kv 
line of the Carolina Power and Light Company, 
made a partial investigation of direct strokes. 
possible. Heretofore, when a line flashed over, 
the follow current to ground obscured the effect 
of any subsequent discharge, and thus no evidence 


(20)*Results of Measurements Made During Thunderstorms of 1934, 
1935,"’ by K. Berger, Assoc. Suisse des Elec. Bulletin, vol. 27, no. 6, March 20, 
1936, pp. 145-163. : 

(1)‘‘Multiple Lightning Strokes;” by K. B. McEachron, Electrical 
Engineering, vol. 53, December 1934, pp. 1633-1637. 

()“*Expulsion Protective Gaps on 132-kv Lines,’ by P. Sporn and 
I. W. Gross, Electrical Engineering, vol. 54, January 1935, pp. 66-73. 

*The term multiple strokes has been used by McEachron (21) and others, 


but the writers believe that the term repetitive strokes is more descriptive of 
these particular phenomena. 


s obtained. However, here was an opportunity 
eS ecure some valuable data, since the expulsion 
3 Ee iiows power current to flow for only one-half 
i and a subsequent discharge occurring at a 
a eh time interval than one-half cycle would 
Eve a record of its existence on the ordinary 
atitomatic oscillograph. Fortunately, automatic oscill- 


' ographs were available to indicate fault current on 


.ch system. 
a ever, the record would be incomplete without 


the first half-cycle, and since most of the strokes 
‘ might be single and not repetitive strokes, it became 


apparent that means must be found to record the 
first half-cycle of fault current. This was accomplished 
at Roanoke through the use of the crater-lamp 
oscillograph“ built especially for this use. With this 
oscillograph, the film is kept running continuously 
during the lightning storm, the light source being 
a crater lamp which is initiated in about 20 micro- 


seconds through thyratron tube control. In many 
cases, it is possible with this equipment to get a 
kick,” due to the transient, on the oscillograph 


vibrator before follow current starts. 
On the Laurinburg-Wilmington line the automatic 
oscillograph* was installed at Laurinburg. With this 
oscillograph, the 110-kv expulsion protective gaps 
do not leave any record of follow current during 
normal operation, unless successive discharges occur, 
but in two cases records were obtained showing the 


‘presence of successive discharges. The data obtained 


thave been included with that from Roanoke, but are 


identified in each case. 
Combining all of the data from the two systems 


: being studied, Fic. 28 shows the relation between 


the number of successive discharges and the number 
of times at least that many discharges occurred. 
Although all of the repetitive stroke points are known 


for the Carolina data, yet the number of single 


strokes is unknown. Adding these would increase 
the total number of discharges by an unknown 
amount. It would not affect the shape of the curve 
materially. This curve indicates that, as would be 
expected, the larger the number of successive dis- 
charges, the less frequently they occur. : 

The total time occupied by successive discharges 
of the repetitive strokes is given in Fic. 29, showing 
that the longest time was 40 cycles or about 2/3 
sec. This compares with 0.624 sec obtained photo- 
graphically by Larsen. 

The time interval between successive discharges 
is important as it will determine the characteristics 
required by protective devices in order that they will 
always be able to offer the same protection for 
successive discharges as for a single stroke. The time 
interval also will have an important bearing on the 
Strength of insulation, whether solid or otherwise, 
required for such conditions as compared with the 
Strength required to withstand a single impulse. _ 

The curve in Fic. 30 shows that the shortest time 
interval was one cycle and the longest 914 cycles. 
ce 


*This device bears the trade designation, Type PM-13. 


Thus, it appears that protective devices must be 
capable of restoring themselves in a time of one 
cycle. Tests made on insulation with equal time 
intervals of one cycle represent a frequency of 
application higher than these data indicate, and 
thus would lead to an insulation design embodying 


a certain factor of safety. It appears that such a 


procedure would represent the simplest method of 
approaching this problem from the testing point of 
view. 

On all three phases of both circuits there appears 
to be a definite tendency for expulsion-gap operation 
when the phase potential is positive. Including all the 
successive discharges as separate discharges, follow 
current began 54 times when one of the phase con- 
ductors involved was positive, and 22 times when 
one of the conductors involved was negative; in 
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Fig. 28. Number of successive discharges in repetitive lightning 
strokes, as determined by crater-lamp oscillograph on Appalachian 
Electric Power system and high-speed automatic oscillograph 
on the Carolina Power and Light Company 
system (McEachron) (21) 
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Fig. 29. Total. duration of repetitive lightning strokes 
(McEachron) (21) 
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Fig. 30. Time between discharges in repetitive lightning strokes 
(McEachron) (21) 
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TABLE VI 


MAGNITUDE OR RANGE IN VALUE OF VARIOUS QUANTITIES 
CONSIDERED IN THIS ARTICLE 


TT ae La RSL TE ae Te SS CS Se 


Quantity 


Potentials: 


Due to lightning, from conductors to ground 
on steel tower lines 
on wood pole lines (Pittman and Torok) 


Across 40 ft of vertical length of tower 
Due to switciiing, from conductors to ground 


Attenuation of Voliage Surges: 


2000-kv surge 
1000-kv surge 
500-kv surge 


Traveling Waves Due to Lightning 


At end of line 
Time to crest 
Time to half value on tail 


At middle of line 
Time to crest 
Time to half value on tail 


Direct Stroke to Line 
1 microsecond 
5 microseconds 


8 microseconds 


Current in lightning stroke (Norinder) 
Time to crest value 


Total duration of wave 


Polarity of Clouds: 


Norinder 

Simpson 

Potential gradient of cloud field at time of 
lightning strokes 


Rate of change of cloud field at time of 
lightning strokes (Norinder) 


Current Due to Lightning Strokes: 


In tower legs 
Probable stroke current 
Polarity 


Through distribution arresters 
(McEachron and McMorris) 
Polarity 


In Germany (Grtinewald) 
In towers 
In stroke 
Polarity 

In Switzerland (Berger) 
In towers 
In strokes 
Polarity 


In Sweden (Norinder) 
In strokes 


Repetitive Strokes: 
Proportion of strokes repetitive (McEachron) 


Number of successive discharges in repetitive 
strokes 
McEachron 
Larsen 
Norinder 


Time Between Successive Discharges: 
McEachron 
Norinder 

Total Time of Repetitive Strokes: 


McEachron 
Larsen 
Norinder 


Measured Magnitude or Range* 


3000 kv 
5000 kv 


About 50 kv 
5.5 Xnormal crest line-to-neutral voltage 


Proportional to e? 


To 4% valuein 3.1 mi 
To % valuein 6.25 mi 
To 4% value in 12.5 mi 


to 80 microseconds 
to 160 microseconds 


1 
4 
0.1 to 15 microseconds 
0.3 to 50 microseconds 


yas os¢ ?=amp 

1=300¢ t = microseconds 

Current, 700 amp 

Rate of rise, 600 amp/microsecond 
Current, 16,000 amp 

Rate of rise, 18,000 amp/microseconds 
Current, 200,000 amp 

(Assumed upper limit) 


Up to 10 microseconds 

Common value 3 to 6 microseconds 
Up to 60 microseconds 

Common value 10 to 30 microseconds 


40 per cent positive 
40 per cent negative 
20 per cent mixed 


Positive predominates 
Positive at least 4 times negative 


Up to 245 kv per meter 


Up to 100 volts per meter per micro- 
second 


Up to 132,000 amp 
Up to 220,000 amp 
95 per cent negative 


Up to 17,000 amp 
Approximately 62 per cent negative 


Up to 70,000 amp 
Up to 100,000 amp 
Approximately 86 per cent negative 


Up to 40,000 amp 
Up to 70,000 amp 
Approximately 69 per cent negative 


_ Up to 120,000 amp 


About 20 per cent 


Up to 12 
40 
Up to 7 


Approximately 2/100 to 2/10 sec 
Up to 5/1000 sec 


Up to 2/3 sec 
0.624 sec 
Up to several thousand microseconds 


——— EEE 


*Where not otherwise acknowledged the data are from papers by the writers. 
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seven instances the poten- 
tial was substantially zero. 
The data show that follow 
current occurred 32 times 
with conductors of Posi- 
tive polarity only involved, 
and four times with con- 
ductors of negative polarity 
only involved. This is with- 
out respect to whether the 
conductor is the top, mid- 
dle, or bottom conductor. 

It is suggested that the 
reason for the expulsion- 
gap operation when the 
conductor is positive, may 
well be accounted for when 
it is remembered that the 
records show that most di- 
rect strokes to transmis- 
sion lines are negative; 
therefore, the flashover po- 
tential of the conductor 
having the highest positive 
potential will be reached 
first, assuming that light- 
ning strikes the tower or 
ground wire. If after this 
flashover sufficient poten- 
tial still remains, other 
conductors will flash over, 
the most positive one tend- 
ing to flash first. This ten- 
deney would be greatest at 
maximum positive poten- 
tial, which for the 132-kv 
circuits out of Roanoke 
would equal 107 kv crest. 
This value is somewhat 
greater than 10 per cent of 
the 1 X 5-microsecond flash- 
over voltage of the insu- 
latorstring,and often would 
be sufficient to determine 
which phase would flash 
over. The fact that eight 
times as many expulsion- 


gap operations occurred 


when only positive con- 
ductors were involved as 
when only negative conduc- 
tors were involved seems 
to give weight to this sug- 
gestion. 


Summary 


Table VI gives a résumé 


of the magnitudes or range 


in values of the various 
quantities dealt with in the 
previous paragraphs. 


Field Investigations Using Controlled Surges 


Cathode-ray oscillographs — Impulse generators — Testing methods — Study of traveling waves — 
Reflections — Attenuation — Coupling effects — Circuit constants — 
Tests on specific apparatus 


By K.B. McCEACHRON and E. J. WADE 


Lightning Arrester Engineering Department, General Electric Company 


Pittsfield (Mass.) 


HE development of the Marx circuit for 
impulse generators and the introduction of 
the portable cathode-ray oscillograph made 
possible a series of field tests having for their purpose 
the determination of wave travel due to lightning on 
transmission lines. With this equipment it is possible 
to apply waves of known characteristics as desired and 


: to study in detail the effects of wave travel and ter- 


minal impedances, and also to make other measure- 
ments which are of great value in setting up any 
lightning protection scheme. 

The first work of this nature in this country 
that has come to our attention was done in 1926 by 
Harrington. At that time, the cathode-ray oscillo- 
graph was undergoing a period of intensive develop- 
ment in the laboratory. , 

In the search for suitable instruments for recording 
lightning, this oscillograph stood alone in its ability 
‘to record with satisfactory accuracy the brief impulses 
produced by lightning discharges. Consequently, 
during the next few years, testing apparatus was 
designed and a series of field studies were undertaken, 
some for the purpose of determining the nature of 
| lightning and others with impulse generators to deter- 
mine what happens after the lightning gets on the 
line. 

The problem of protection naturally divided itself 
into three parts: first, the study of the characteristics 
of natural lightning; second, the resulting surges and 
their travel over the lines and their terminal effects; 
and third, a laboratory study of the effect of different 
waves on insulation and apparatus. It is with the 
second phase that this article is chiefly concerned. 
The development of the apparatus used, the testing 
methods, and the results which have been. obtained 
will be summarized. 


Cathode-ray Oscillegraphs 

In carrying out the field tests a variety of types of 
oscillographs were used, most of them of the cold- 
cathode type using the general principles employed 
in the original Dufour oscillograph.” Some of the 
tests were made with the George hot-cathode oscillo- 
graph.(3)(4)(5)(6). 


(1)‘‘ Theoretical and Field Investigations of Lightning,” by C. L. Fortescue, 
A. L. Atherton and J. H. Cox, A.I.E.E. Transactions, vol 48, no. 2, April 
1929, pp. 449-479, 

(*)“‘Oscillographe Cathodique Pour L’Etude Des Basses, Moyennes -‘& 
oones Frequences,” by A. Dufour, L’Onde Electrique, vol 1, November 

» Dp. 638-663. g au pes 

(3)“A New Type of Cathode Oscillograph and its Application to the 
Automatic Recording of Lightning,”’ by R. H. George, A.I.E.E. Trans., 


vol 48, no. 3, July 1929, pp. 884-890. 


Most of the work employed one or the other of two 
systems of recording—one of which utilizes some 
method of blocking the electron beam through the 
use of a grid (as in the George oscillograph) or a beam- 
trapping device (as in the Norinder relay), and the 


other which utilizes an initiating impulse to start the 


recording of the oscillograph by the application of 
cathode voltage just before the arrival of the main 
impulse. | 


Fig. 1. Portable cathode-ray oscillograph used for field tests 


The modified Norinder relay oscillograph as de- 
scribed by Ackermann makes use of a system of de- 
flecting plates, diaphragms, and a target, to intercept 
the cathode rays except when the relay is energized 
by a surge voltage. The principle of operation is the 
use of auxiliary deflecting plates to bend the rays 
around the target. These plates are connected oppo- 
sitely in such a way as not to interfere with the deflec- 
tion of the beam when recording transients. When the 


4)‘ ing W Transmission Lines with Artificial Lightning 
ean aed a B. McKachrork J;-G! aig matee ts and W. J. Rudge, A.JI.E.E. 
., vol 49, no. 3, July 1930, pp. : : 
ote of the be of Sheet Lengths of Cable,’’ by K. B. McEachron, 
J. G.’Hemstreet and H. P. Seelye, A.I.E.E. Trans., vol 49, no. 4, October 
1930, pp. 1432-1443. ee caayl ep eeree ys 
6) ** Ilse Voltage Tests on a 4,800-volt Distribution Substation, 
by 2 WCollins EE, Hiseae and J. J. Torok, A.IJ.E.E. Trans., vol 51, 
932, pp. 14 3. . ‘ x 
na GA Cathode oe Oscillograph With Norinder Relay,’ by O. Acker- 
mann, A\1.E.E. Trans., vol 49, no. 2, April 1930, pp. 467-475, 
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relay is energized, the time delay is less than % 
microsecond before the oscillograph starts recording. 


The cathode voltage may be applied for hours without 


fogging the film. : 


The George hot-cathode oscillograph gives. satis- 
factory registration although the cathode potential 
is only 15,000 volts. This is accomplished through the 
use of a novel design of electron gun which permits 


Impulse Generators 

The invention of the Marx circuit® in 1925 made 
possible the construction of portable impulse gen- 
erators, because the capacitors could be charged from 
a low-voltage transformer-kenotron set and dis- 
charged at the desired high potential with all of the 
capacitors automatically connected in series. -: 

The impulse generator used in the Michigan tests 


feet long, the time delay before the arrival of the 
initiating impulse at the impulse generator is too great 
and it becomes necessary to introduce a delay circuit 
at the oscillograph so that the initiating impulse will 


be sent out before the oscillograph is tripped. 


“This was the method used in the early field tests“ 
(Fic. 3), but it was not entirely satisfactory because of 
s in the time delay and because the adjust- 


there is connected across the grid bias resistor a cold- 
cathode thyratron tube which is tripped by the initiat- 
ing impulse. This circuit trips at very low voltages but 
it was found advisable to use one to two kilovolts 
for the initiating impulse to reduce the time lag toa 
negligible value. 


, ; Stem eC uc e Cela 1 CCA eS ie CEs ee aoe q 
i high beam current and satisfactory focusing. The and described by Wade) consisted of forty banks of 4 | es had to be changed whenever the equipment was e9 . 7 if 
accelerating voltage is applied continuously and the Capacitors of 0.5 microfarads each, although for some : moved in such a way as increased or decreased the La = Fae | 
cathode beam is blocked by means of a grid which is Of the tests the generator was temporarily increaseq E distance between the impulse generator and oscillo- 88 i = i | 
aa operated from an electron-tube circuit.© By these to 60 banks which gave an output voltage of 1,500,000 2 graph. In addition, it is difficult to couple the sou ee We 5 cis raph | 
aa means, measurement of the surge may begin after Volts. The charging circuit included a 25-kv half-wave | _ mission line tothe impulse generator without tying oT 3 | wel | 
| | a délay of 14 to 16 microsecond. rectifier with provision for readily changing the 4 ae up a conductor for initiating purposes. | a2 « ? 5 oh 
| a A modification made in the original type of polarity. Power was taken from a 110-volt source a '@ q ‘Ta an attempt to overcome these earn the E H 9, [Trp eee i pI i 
aa Dufour oscillograph resulted in an oscillograph whenever such a source was available. In other loca- : - initiating impulse used in the Michigan tests“ was S Site 

a which was especially designed for portable use and tions, it was obtained from a gas-engine-driven gen- : supplied from the impulse generator rather than from I 1 divider 

which has been used extensively in controlled im- erator mounted on a separate truck. the oscillograph (Fic. 4). The method was to excite Fig. 3. Oscillograph circuit showing method of initiating 


pulse field tests. In view of the very considerable 
use of this equipment a brief description is given 
here. 


The body of the oscillograph, Frc. 1, was con- 
structed of 14-in. sheet brass with brazed joints. A 
metal deflection tube with two pairs of deflecting 
plates is used, the cathode tube being the same as 
that used in the Dufour oscillograph. The design of 
the mechanism for moving the film is such that a 
single common control enters the vacuum chamber. 
This control is used not only for moving the film but 
also for operating the fluorescent screen and the cover 
of the viewing window. This eliminates any danger of 
accidentally fogging the film and reduces the possi- 
bility of leaks. The vacuum system consists of the 
usual oil and condensation pumps, although it is 
necessary to use the condensation pump only rarely. 
A small radiator and fan are provided for cooling and 
circulating the water for the condensation pump. The 
vacuum is measured by a Pirani-type gauge and is 
maintained by an automatic regulator similar to that 
used with mercury-arce rectifiers. The oscillograph 
and the accessories, including the time-axis oscillator 
and cathode-voltage supply, was mounted in a 
specially built truck as shown iri Fic. 2. Constant-po- 
tential alternating-current and direct-current power 
is available, being generated through the use of a 
power take-off, a special governor, and a linkage for 
preventing hunting. 


While the foregoing oscillographs differ greatly 
in appearance and method of operation, all are 
capable of excellent performance, although any 
oscillograph using photographic film in vacuum is 
subject to numerous troubles and requires a skilled 
operator. 


Sealed-off oscillographs have not been used in 
field investigations because of their reduced writing 
speed; but great strides have been made in improving 
this type of oscillograph during the last few years and 
it is rapidly displacing the other types for many 
purposes. 


Fig. 2. Portable cathode-ray oscillograph truck used for field tests 


The impulse generator used in the Stillwater tests 
consisted of 14 banks of capacitors of 0.1 microfarads 
each, charged in parallel to 71.5 kv and discharged 
in series at one million volts. This generator was also 
mounted on a trailer and has been described by 
Conwell and Fortescue. 


Testing Methods 

Methods of timing the oscillograph have alread: 
been mentioned, but whatever method of initiation 
is used care must be taken to minimize the errors of 
measurement. 

In the Michigan tests use was made of the initiating 
impulse method to avoid the possible error resulting 
from the use of a delay cable. The recent development 
of air-insulated cable now makes the delay cable 
method more accurate. 


Perhaps the simplest way to make certain that the © 


oscillograph is in operation when the transient arrives 
is to trip the impulse generator with an impulse 
obtained from the cathode supply at the oscillograph. 
When thetransmission line is more than a few thousand 


mM aek Nea von verschiedenen Hochspannungsarten zu Versuchs-und 
Prifzwecken,”’ by Dr. Erwin Marx, Elektrotech. Zeitsch., vol 46, no. 35, Au- 
gust 1925, pp. 1298-1299. ; 

(%)‘‘The Portable Impulse Generator,’’ by E. J. Wade, GENERAL ELEC- 
TRIC REVIEW, vol 33, no. 3, March 1930, pp. 180-184. 

(1°) ‘‘Lightning Laboratory at Stillwater, New Jersey,’’ by R. N. Conwell, 
and C. L. Fortescue, A.I.E.E. Trans., vol 49, no. 3, July 1930, pp. 872-876. 


the impulse generator. The 


the setting of which could 


the conductors could be 


“an antenna, which extended under the transmission 


line for one span from the 
generator, from a tap on 


main discharge was then 
applied through a rod gap, 


be varied to allow some 
adjustment of the time lag. 
This resulted in an initiat- 
ing impulse only about one 
microsecond long on all 
three conductors, so that at 
the oscillograph any one of 


used to supply the initia- 
tion. This circuit has the 
advantage that it is inde- 
pendent of the length of 
transmission line, but the 
timelag is somewhaterratic 
and there is a kick on the 
front of the wave due to 
energy transmitted by the 
capacitance of the rod gap, which at times tends to 
confuse the measurements. 

A further development. of the initiating circuit, 
which was designed to provide a more constant time 
lag as well as to allow the use of a low-voltage initiat- 
ing impulse, was used in connection with the Willsey- 
ville“) tests. This circuit makes use of initiating- 
impulse amplifiers which consist of a triode vacuum 
tube connected across one side of a three-electrode gap 
with a fixed resistance across the other side (Fic. 5). 
The grid bias is adjusted so that the voltage divides 
between the two gaps according to their settings and 


(2, Cathode Ray Oscillograph Study of Artificial Lightning Surges on 
the urners Falls Transmission Line,’’ by K. B. McEachron and V. E. 
Goodwin, A.I,E.E. Trans., vol 48, no. 3, July 1929, pp. 953-965. 
(*)“Experimental Studies in the Propagation of Lightning Surges on 
Transmission Lines,” by O. Brune and J. R. Eaton, A.J.E.E. Trans., vol 
0, no. 3, September 1931, pp. 1132-1138. : ; 
()““Lightning Protection for Distribution Transformers: Field Studies 
of Lightning Arrester Protection, Including the Effect of Interconnections, 
by McEachron and L. Saxon, A.I.E.E. Trans., vol 51, no. 1, March 


from the cathode circuit 


Initiating antenna—_ 


Fig. 4. 1,500,000-volt impulse generator at Croton Dam (Mich.) 


Both the impulse generator and the oscillograph 
cathode supply were equipped with initiating-impulse 
amplifiers. The initiating impulse was induced on the 
transmission line from an antenna located about 2000 
ft from the impulse generator. This provided a con- 
stant time differential of four microseconds for the 
initiation of the oscillograph, which time was inde- 
pendent of the position of the oscillograph as long as 
it was not located between the initiating antenna and 
the impulse generator. 

For tests on a short line, such as the counterpoise 
tests reported by Bewley,“ it was found convenient 
to use the oscillograph cathode supply as a source of 
initiating voltage to the impulse generator amplifier 
and to correct for the length of line by a delay in the 
sweep circuit. Fic. 6 shows the initiating circuit, 


(14)‘*Theory and Tests of the Counterpoise,” by L. V. Bewley, A.J EE: 


oe ++ = 


] 
} 4 4 1932, pp. 239-244, Trans., vol 53, no. 8, August 1934, pp. 1163-1172. 


the cathode cut-off scheme which was necessary to 
prevent fogging the film when making volt-ampere 
measurements, and also the method of applying the 
timing wave and calibration voltage. 

In the light of Bewley’s multivelocity theory“ 
it is suggested that a desirable initiating circuit would 
consist of two antennas excited and arranged to induce 
waves of opposite polarity on parallel wires. This 
would result in little lengthening or distortion of the 
impulse with travel, as the ground currents would 
cancel. 7 

In making field tests it is frequently advisable to 
use clocks for automatically timing the initiating 
impulse as this allows the oscillograph operators to 
work much more efficiently by reason of knowing 
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Fig. 5. Initiating circuit using antenna and amplifiers 
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just when to expect each impulse. Continuous tele- 
phonic communication by wire line or short-wave 
radio is very desirable between the oscillograph and 
impulse generator crews, although it is possible to 
work for short periods by using a time schedule. 


Study of Traveling Waves 

Nearly all phases of the study of traveling waves 
can be grouped under the following headings: reflec- 
tions, attenuation and distortion, and coupling effects. 
These phenomena are primarily dependent upon the 
line constants but are also affected in different degrees 
by corona and ground resistance. 

Mathematical solutions of traveling waves have 
long been known but it was not until field tests were 


(15)‘‘Attenuation and Distortion of Waves,’ by L. V. Bewley, A.J.E.E. 
[Trans., (Supplement) vol 53, pp. 1749-1757. 
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Fig. 7. Typical positive and negative reflections of a 
traveling wave 


made that the true effect and value of all the factors 
involved could be determined and the theory extended 
to explain all the test observations. 


Reflections 

Reflections have long been of interest and are more 
susceptible to calculation than the other properties 
of traveling waves. For this reason, the first field 
work was largely concerned with this phenomenon. 

A few tests were made on the Rankine and Wil- 
merding line in 1926 by Harrington™ but only quali- 
tative results were obtained. In 1928, a more com- 
prehensive series of tests was made by McEachron 


and Goodwin“) which resulted in considerable data 


on reflections and some information on attenuation 
and the effect of corona. The reflection data were 
studied by Brune“) who showed that by approxi- 


- mating the test wave by time functions readily express- 


able in operational form, the oscillograms could be 
checked very closely. This showed that no factors 
influencing the reflection phenomena were omitted 
in the calculations. Numerous other tests were made 
but the work of Rorden”) gives a final check on the 
accuracy of calculations of reflections with many 
combinations of terminal impedance and circuit 
arrangements. This article gives calculated and test 
data using various values of resistance, inductance, 
and capacitance as the termination of a transmission 
line about two miles long. The correlation between 
calculated and test results is strikingly close. 

Fic. 7 shows typical reflection phenomena and illus- 
trates the changes in wave shape which occur when a 
traveling wave is reflected at an open end and at a 


(18) ‘Reflection of Transmission Line Surges at a Terminal Impedance,” 
by Seen: GENERAL ELECTRIC REVIEW, vol 32, no. 5, May 1929, pp. 

(17)"The Solution of Circuits Subjected to Traveling Waves,’”’ by H. L. 
Rorden, A.I.E.E. Trans., vol 51, no.'3, September 1932, pp. 824-836. 
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; as a result of the line being 


e- grams shows a negative 


to zero; while at tower 


: considerably and the super- 


being grounded at tower 


“wave is at its crest value 
and the superposition of the 


cumulated a better under- 


grounded point. Measurements were made at tower 
No. 30 and tower No. 50, the impulse being applied to 
the line at tower No. 0. The first row of oscillograms 
shows the traveling wave at these two points (towers 
Nos. 30 and 50) with the transmission line continuous. 
The wave is seen to be unchanged except for a reduc- 
tion in amplitude due to attenuation. The second Tow 
of oscillograms shows very clearly a positive reflection 


tests.02) They believed that the effect of corona wasdue 
to displacement currents flowing to the conducting en- 
velope and being partially returned to the tail of the 
wave. The theory suggested by Boehne™ in which the 
high-voltage portions of the wave would travel at a 
lower rate, because of theincreasedeffectivediameter of 
the conductor due to corona, also will explain some of 
the changes in shape of high-voltage traveling waves. 


ned at tower No. 53 WAVE! “DISTANCE FROM GENERATOR IN Mites 
ope o) S — ore setae ne : > 8 
The third row of oscillo- rr _ 140 


reflection due to the line 


No. 55. At tower No. 50 the 
negative reflection returns 
at the time the incident 


reflected and incident 
waves reduces the voltage 


No. 30 the voltage of the 
incident wave had dropped 


position of the reflected 
wave, which was of nearly 
its original amplitude, re- 
verses the potential. This 
oscillogram illustrates the 
importance of locating the 
protective means close to 
the equipment to be pro- 
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Attenuation has been | 
made the subject of many 
tests and from the data ac- 


standing of the phenome- 
non has been obtained. The 
principal test contributions 
are contained in the papers 
by Lewis and Foust,“ McEachron, Hemstreet, 
and Rudge,“ Conwell and Fortescue, Dowell,“ and 
Brune and Eaton.@® The results found by the various 
investigators are in fairly good agreement although 
the theories given to explain the attenuation differ. 
All investigators agree that corona has a marked 
influence on both the reduction in amplitude and the 
change in shape of the traveling wave. Typical waves 
are shown in Fres. 8 and 9 from Brune’s and Eaton’s 


ee 


(8)‘Lightning Investigations on Transmission Lines,” by W. W. Lewis 
and C. M. Foust, A.J.E.E. Trans., vol 49, no. 3, July 1930, pp. 917-928. 

()““Attenuation and Successive. Reflections of Traveling Waves,” by 
J. C. Dowell, A.I.E.E. Trans., vol 50, no. 2, June 1931, pp. 551-560. 
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Fig. 8. Selected attenuation oscillograms 
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However, there are a number of other effects which 
have not been satisfactorily explained except by 
Bewley’s multivelocity theory.“) This theory com- 
pletely explains such effects as the following: 

(1). Observed attenuation greater than can be 
accounted for by corona and losses. 

(2). Less attenuation and reduced velocity for a 
surge on three conductors than for a surge on one 
conductor, but greater sloping of wave front without 
the development of a step. 


20)*‘Lightning Investigations. Multivelocity Waves Due to Corona,”’ 
Dice by E. W. Boehne, A.J.E.E.Trans., vol 50, no. 2, June 1931, p. 
559. 


= SS = 


(3). Development of a step on the front of the 
wave even at voltages below the corona level. 


The multivelocity theory is based on the varying 
depth of penetration of ground current with earth 
resistance and the increased effective diameter of 
conductor due to corona, which reduces the velocity 
of that part of the wave which has its image in the 
earth while the part of the wave between conductors 
still travels at the speed of light. This results in a 
separation of the wave into two or more components, 
depending upon the number of conductors, and, 
together with the effect of corona, explains the step on 
the front of the wave and the lengthening of the tail. 

The sloping of the front of waves with ground 
return is explained by the time required for the pene- 
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Fig. 9. Replot of oscillograms to show change of wave shape 


tration of the ground current; and theincreased ground 
current for waves on three conductors is responsible 
for the more rapid sloping of the front for this condi- 
tion. When the traveling wave is impressed on three 
conductors, there is only one velocity. 

Short waves attenuate more rapidly than long 


waves. This effect is explained by two factors: the 


separation of the wave into multivelocity waves, and 
the sloping of the wave front due to the initial pene- 
tration of the currents into the ground. These effects 
are most pronounced for steep-front chopped waves. 
Fic. 10 shows the attenuation curves obtained for 
various conditions from the Michigan tests. 

For calculations of attenuation the Foust-Menger 
formula™) is usually used. This is 


Co 


Dees 


where éo=initial surge voltage in kv at the point 
where the surge originated 
kK =a proportionality factor found empirically 
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s =distance in miles from the origin roe the surge 
e =voltage in kv at distance s 


The factor K has been found to vary from 0.00016 
to 0.00069. Because attenuation varies with polarity, 
wave shape, and line and ground constants, the 
formula will not apply to different conditions unless 
modified in some such way as noted by McEachron, 
Hemstreet, and Rudge“ who found that the dats 
from various sources could be expressed by giving s 
an exponent in the equation. 


Coupling Effects 


Studies of voltages induced on parallel conductors. 


were made simultaneously with attenuation tests. 
It had been supposed that the potential on an isolated 
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conductor would have the same shape as the inducing 


surge but the tests showed this to be erroneous and © 


it was not until Bewley“) worked out the multi- 
velocity theory that the test results were understood. 
It was found that as an inducing surge travels along 
the line the induced surge increases and develops a 
loop, the polarity and magnitude of which depends 
on the inducing voltage and the distance travelled. 
Fic. 11 from the Michigan tests“ shows the oscillo- 
grams. The action is explained by considering the 
induced surge to be made up of two components which 
are of opposite polarity and which are initially in 
phase but later separate because the multivelocity 
components of the inducing surge take velocities 
dependent on the circuit constants and corona. 


This effect, together with the effect of corona on 
the apparent size of conductors, results in a variation 
of coupling coefficient with voltage and with travel 
over the lines. For low voltage and short distances of 
travel the coupling coefficient determined theoretically 
was checked by tests. 


i 


Grcuit Constants 
As a by-product of field tests soneidemible informa- 


tion has been accumulated regarding the variation of 
circuit constants under impulse conditions. 

‘Surge Impedance. The surge impedance is the ratio 
of the voltage and current in a traveling wave and is 
one of the most useful parameters in transient cal- 


culations. 
While the surge impedance is simply expressed as 


ALIC L/C and is usually about 500 ohms it has been found 
= that it cannot always be considered as a constant and 
~ Feld tests have shown some variation from the simple 


calculated value. | 
The factors which cause the changes in surge 


impedance are the change in capacitance due to 
corona as calculated by 


pedance about 10 per cent 


above the calculated value 


for voltages below 300 kv 
and about 20 per cent below the calculated value for 


600 kv. These variations are in the right direction 


to be accounted for by corona and penetration 
of current in the earth but the test points are very 
erratic. 


Grounds _ 

Numerous measurements®?)@3)() have shown that 
the resistance of driven grounds is lower for im- 
pulse currents than the values found by low-voltage 
measurements. This is probably due to the formation 


of small sparks around the electrodes, which tend to 


increase the effective area in contact with the 
earth. The reduction varies considerably for differ- 
ent conditions but the average found from tests is 
about 50 per cent. This effect should not be con- 
fused with the higher apparent resistances resulting 
from d-c bridge measurements, which are due to 
polarization. 


(31)*The Effect of Corona on Ground Wire Protection of Power Trans- 
pating Circuits,"’ by E. M. Hunter, GENERAL ELEcTRIC REVIEW, vol 33, 
2, February 1930, pp. 100-103. 

2, {YrImpulse Characteristics of Grounds,’’ Discussion, by E. Beck and 

: ade, A.J.E.E. Trans., vol 49, no. 3, July 1930, pp. 932-936. 

“(ay ‘Im pulse Characteristics of Driven Grounds,’’ by H. M. Towne, 
GENERAL LECTRIC REVIEW, vol 31, no. 11, November 1928, pp. 605-609. 
oh ‘Progress in Lightning Protection,” by Edward Beck, Railway Sig- 

nating, vol 22, no. 4, April 1929, pp. 143- 146. 


would be danger of setting up dangerous oscillations. 
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Tests on Specific Apparatus 

Choke Coils. ‘Tests which were made on atiolks coils 
by McEachron®) and an analysis by Boehnef) 
showed definitely that the use of choke coils is not 
justified, as the inductance which would be required 
to influence the lightning arrester operation would 
have to be many times the values commercially used. 
With the values which were used, in combination 
with the lightning arrester, oscillations appeared at 
the transformer which greatly increased the voltage 
allowed by the lightning arrester. Moreover, if larger 
choke coils were used no great benefit would be ob- 
tained from the protection standpoint and there 


in apparatus. As a result of these tests the use of the 
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Fig. 11. Study of induced voltages 
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Fig. 12. Traveling wave voltage measured at end of line. Voltage 
applied to 0.00114-microfarad capacitor through 0.034-millihenry 
coil, (Other tests show that the choke coil L had no effect on the 
wave shape. The capacitance C represents the capacitance 

of an 8000-kva transformer) 


choke coil as an accessory to lightning arresters has 
been abandoned. 

Among the interesting oscillograms obtained in this 
investigation are those in Fic. 12 showing the effect 
of a capacitance equivalent to an 8000-kva transformer 
on the shape of an incoming traveling wave. This 
effect is of importance in station protection. 

Cable Tests. An extensive series of tests were made 
by McEachron, Hemstreet, and Seelye,® to study 
the propagation and reflection of surges in high- 

(28) ** Cathode-ray Oscillographic Study of the Operation of Choke Coils 
on Transmission Lines,’’ by K. McEachron, GENERAL ELECTRIC RE- 
VIEW, vol 32, no. 12, December 1929, pp. 668-673. 

(3)**Calculation of Voltage Stresses Due to Traveling Waves with Special 


Reference to Choke Coils,’’ by E. W. Boehne, GENERAL ELECTRIC REVIEW, 
vol. 32, no. 12, December 1929, pp. 676-682. 


voltage cables and the effect of lightning arresters at 
the junction of cables and overhead lines. Tests were 
made on 500 and 1000 ft of 24,000-volt lead-sheath 
cable under a variety of conditions. It was shown that 
a short length of cable reduces the voltage of the travel- 
ing wave only momentarily and thus does not offer 
protection when connected between a transmission 


Similar tests were later made by Collins, Piepho 
and Torok in connection with lightning-protection 
studies at a 4800-volt substation. Various combina- 
tions of lightning arresters were tried and the effect 
of a regulator winding in series with the cable wag 
studied. It was recommended that lightning arresters 


be used in parallel with the regulator winding as wel] 


as at the bus and at the line end of the cable. 


Pe aaths may be self-protecting under certain circum- 

Ee but as a rule will require protection at both 

- particularly when terminated by apparatus. 
ch case must be decided upon its own merits. 

In all these investigations the usual relations for 

: ¢ waves were found to explain all the phe- 


velin 
Ee ds and it was shown that the volt- 


nomena observe 
1d be predicted with satisfactory accuracy. 


connected to ground at each tower by low resistance 
grounds. 

Counterpoise Tests. A rather exhaustive series of 
tests has been made on the counterpoise which con- 
sists of buried wires used to reduce tower footing 
resistance. (12) (14) (29) (30) (31) (32) 

Without detailing the various tests, a brief résumé 
of the present status of the counterpoise will be given, 


velocity may be calculated from the relationship 


v= 5 expressed as a fraction of the speed of light, 
where K is the dielectric constant and varies for cable 
dielectrics from 3.5 to 4.4.@9 3 

_. Several methods were used to determine the surge 
impedance of the cable and values ranging from 50 to 
100 ohms were obtained. It is believed that some of 
the discrepancies in measuring surge impedance were 
due to variations in the surge impedance of the trans- 
mission line due to converging earth currents as they 
approach and enter the cable sheath. | 


where K-=dielectric constant of cable insulation 
n=number of conductors 
G = geometric factor. 


Curves of G have been published by Simmons.@) 


The surge impedance of cables was shown to vary 
from 20 to 80 ohms, which is a much wider range than 
is found for transmission lines. In making cable cal- 
culations both self and mutual surge impedances 
should be taken into consideration. 

It was shown that short lengths of cable could be 
protected by a lightning arrester at one end. Long 


coupling coefficient. This was checked in Michigan 
by impressing a surge on three conductors and allow- 
ing the traveling wave to pass into a section of line 
having one conductor grounded. The reduction in 
potential of the waves on the other two conductors 
is a measure of the coupling and was found to check 
very closely with calculated values, which will average 
30 per cent, 45 per cent and 55 per cent for 1, 2, and 
3 conductors respectively. Tests made at Stillwater 
also checked the calculated coupling coefficient at 
voltages below 200 kv, but showed an increase in cou- 
pling at higher voltages amounting to about 50 per 


line and terminal apparatus. However, it does reduce ages cow 
| the steepness of the wave front, which is of some assist- A theoretical study of traveling wave voltages on Ground Wires. Tests of the effect of ground wires based principally on the work of Bewley and Hagen- 
i | ance in connection with the protection of rotating cables was made by Brinton, Buller, and Rudge. (27) have been made durine field tests. An important guth.@ 
machinery. Several of these points are illustrated in Formulas for traveling wave voltages on cables were - 3 eee 
i Fic. 13 which shows the changes in shape for various given which simplify the calculation of protection 
a terminal conditions as a traveling wave approaches problems. Tentative data on the impulse strength of 
| and passes through a 1000-ft cable. The steps on the cable insulation were also ‘included. The surge im- 
| | oscillograms are due to reflections at the cable pedance was shown to be one of the most important . 
aa terminals. factors in determining the impulse voltage which wil] | é 
iy ths, 
| if 
7) | 2.93mi 1.95mi > 0.28mi fe | | i . 
il T-53 i | ta 
| | i 2 ie 
iil To, TP. | kb 1000tte, | 
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| Fig. 13. Traveling waves on a line with 1000 ft of cable in series Ween FROM os iy | — 4 ae 2 : 
| The importance of grounding the cable sheath was appear at the cable terminals. The following formula — —r—~—~———CT" 
demonstrated and the performance of lightning may be used for calculating the surge impedance of a i.  . 
arresters at each end of the cable was studied. The cables: ; oe eo Sees eek 
‘ : : ; Fig. 14. Counterpoise study showing effect of length and number in multiple 
velocity of propagation was found to be about 60 Ge G | 
per cent of the velocity of light. The propagation 0.0169” VK factor in the consideration of ground wires is the The effect of the counterpoise can be explained by 


considering it as a transmission line with a distributed 
leakage which depends on the conductivity of the soil. 
The initial impedance is equal to the surge impedance, 
which has been found to be 150 to 200 ohms, and rapid- 
ly drops as the entering wave encounters additional 
leakage paths, finally becoming equal to the resistance 
component alone. 

Other effects which may be mentioned are: the 
increase in the effective diameter of the conductor | 

(29)‘*Counterpoise Tests at Trafford,” by C. L. Fortescue and F. D. 
Fielder, A.J.E.E. Trans., vol 53, no. 7, July 1934, pp. 1116-1123. 

(3)‘The Counterpoise,” by L. V. Bewley, GENERAL ELECTRIC REVIEW, 


vol 37, no. 2, February 1934, pp. 73-81. 
(3) ‘Fixing Counterpoise Length,”’ by L. V. Bewley and J. H. Hagenguth 


(27)**Traveling Wave Voltages in Cables,” by H. G. Brinton, F. H. Buller, (8)"Cable Geometry on the Calculations of Current Carrying Capacity,” ; 
| . 


cent at 800 kv, which was i 
: ascribed to the effect of Electrical Wortd, vol 105, no. 5, h 2, 1935, pp. 33-36. 
and W. J. Rudge, A.J.E.E. Trans., vol 52, no. 1, March 1933, pp. 121-127. Dy, D. M. Simmons, A.I.E.E. Trans., vol 42, June 1923, pp. 600-620. Also see cor : t 7 4) "Practical Applitations of ahs Gaunt aepoie e,”’ by E. Hansson, Elec- 
Also see discussions by Beck, Bewley, and Clem, pp. 127-132. nderground Systems Reference Book, N.E.L.A., 1931, pp. 297-298. ona. It was shown that ground wires should be — wic Journal, vol 33, no. 6, June 1936, pp. 281-285. 
| cert: 
a 
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due to the application of high voltage, which reduces 
the impedance, and the coupling between the coun- 
terpoise and overhead conductors. Calculations and 
tests have shown that this latter factor is about 5 per 
cent and it is frequently omitted from calculations. 

There is little advantage in making the counter- 
poise any longer than necessary to prevent a reflec- 
tion from returning before the crest of the surge, al- 
though the length should always be sufficient to make 
the total resistance less than the surge impedance. 


i#: TOWER 


by using a sufficient number in multiple to reduce 
the impedance to a value where the surge current 
will not build up enough voltage on the tower to cause 
an arc-over to the line conductors. If counterpoises 
are laid in a parallel relationship, the spacing should 
be as great as possible. Driven grounds, if used, should 
be near the tower rather than at the ends of the 
counterpoises, but not too close together. 

_Lightning Arresters. Two field investigations have 
been made on lightning arresters, one in Michigan ,@3) 
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Fig. 15. Tests on 6- and 12-unit Thyrite arresters 


This will insure that the voltage will never appre- 
ciably exceed that allowed by the surge impedance 


-even for long waves; and while additional length would 


be of some benefit with long waves the result may be 
obtained more efficiently by using additional counter- 
poises in multiple as may be seen in Fic. 14. As 
the velocity of propagation is about one-third the 
velocity of light, the desirable length in thousands 
of feet is one-sixth the wave front in microseconds 
or 160 ft for a surge having a one-microsecond front 
and greater lengths if longer surges are assumed. 


Counterpoises should be applied by using the short-: 


est lengths compatible with the surges expected and 
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and the other in Willseyville.“) Field tests on arrest- 
ers offer the advantages that exact service conditions 
can be obtained and many factors studied whl are 
difficult to duplicate in the laboratory. 

The Michigan tests were made with a 1,500,000- 
volt impulse generator and tests were made on various 
ratings of station arresters up to 230 kv. The effect 
of such factors as ground resistance, flashover of the 
line, arresters in parallel, length of connections, and 
arrangement of arrester and transformer were studied 
and definite results obtained. Fic. 15 from the 
~ (88)Bield Tests on Thyrite Lightning Arresters Using Artificial Lightning 


of 1,500, oe Volts,” by K. B. McEachron and E. J. Wade, A.I.E.E. Trans., 
vol 50, no. 2, June 1931, pp. 479-489. 
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Fig. 16. Effect of lightning arrester on a chopped wave 


Michigan tests) shows some of the results of one of 
these studies. 


Some interesting oscillograms are shown in Fic. 16 
which shows the effect of a lightning arrester in reduc- 
ing the voltage and in damping the oscillations result- 
ing from a traveling wave trapped between an arc-over 
point and an open end. The period of the oscilla- 
tion corresponds with the distance between the arc- 
Over point and the open end of the line. Oscillogram 
11-14 shows the incident wave as measured at the 
open end at tower No. 14 after sparking the insula- 
tors at tower No. 11. The crest voltage was 720 kv and 
the connection of a 66-kv arrester at tower No. 14 
reduced the voltage to 290 kv and completely damped 
out the oscillations. 


The Willseyville tests were concerned principally 
with a study of protection of distribution transform- 
ers using various methods of arrester connections. 
Voltages produced on the secondary circuit at the 
customers’ premises were also studied. Interconnec- 
tion of arrester grounds and secondary neutral was 
found greatly to improve the protection. 


Tests were also made on a proposed method of 
protecting rotating machinery and the calculated and 


test results checked very closely, as may be seen from 
Fig. 17. 


As a result of field studies on lightning arresters, 


protection calculations and recommendations can be 


made with full confidence that no factors are being 
neglected. 
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Conclusions 

The data which have been summarized in this article 
represent the results of years of work by various 
investigators and it should be realized that owing to 
space limits only the barest outline has been given of 
the results obtained and many data have not even 
been mentioned. For this reason the original papers 
should be consulted when making a study of any 
particular phase of the work. 


w = —P 

3|< Z=500f 5 tz Ht 

3 p00 CRO H-1091-7-11 

% fre | Thyrite 
404400 

304300 Points from oscillograms 

Curves are calculated . 

20 4200 ¥: 
107100 

0' 0 


Microseconds 
Fig. 17. Measured and calculated voltages at the end of a 
line terminated by Thyrite and capacitance in parallel 
SUMMARY 


A brief résumé of some of the more important con- 
clusions reached as a result of field investigations 


on transmission lines follows: 


Methods of Synchronization 


Initiation from an oscillograph: From a cathode 


supply (suitable for short distances). 
Initiation from an impulse generator: A delay cable 
is necessary unless preliminary impulse is: used. 
Use of an initiating generator: This may be lo- 
cated to give the required delay and gives very ac- 
curate timing. 


Reflections 

‘Reflections may be easily calculated by using the 
lattice method suggested by Bewley.“ For collec- 
tion of formulas Footnote Ref. (17) should be con- 
sulted. 


Attenuation 


Attenuation may be approximately expressed“®) by 


the Foust-Menger formula previously given but it is 


- modified by other variables not pee ea in se equa- 


tion.“ 


Surge Impedance Z=\/L/C 

Approximately 500 ohms for overhead lines and 50 
ohms for cable. Value is modified by corona and 
position of effective current plane in the earth. 


Grounds 

The reduction of impulse resistance for driven 
grounds varies over a rather wide range but may be 
taken as 50 per cent for average conditions.) 


(%)‘*Critique of Ground Wire Theory, ” by L. V. Bewieye A.l.E.E. Trans., 
vol 50, no. 1, March 1931, pp. 1-18 


Choke Coils 

Choke coils in combination with lightning arresters 
were shown by tests to result in oscillations reducing 
the effectiveness of the arresters.)() It was found 
that bridging the choke coil by a suitable resistance 
prevented oscillations. The operation of lightning 
arresters is not enhanced by the choke coil, therefore 
choke coils are no longer recommended. 


Cables 

Propagation Velocity. The propagation velocity has 
been found by test® to be 60 per cent that of light 
or .600 ft per microsecond. It varies inversely as the 
square root of the dielectric constant over a range of 
48 per cent to 67 per cent of the velocity of light. 

Surge Impedance. Surge impedance has been found 
by test to be 50 to 100 ohms; by calculation®? 20 
to 80 ohms. Value to be used should be calculated for 
each case. 

Waveshape. Cables slope incoming waves to a de- 
gree dependent upon the length of the cable.©@ 

Cable Sheath. The sheath and _ lightning-arrester 
grounds should be interconnected®® to obtain maxi- 
mum benefit from arresters. 

Protection. In most cases cables are not self-protect- 
ing and require the use of lightning arresters.© 


Ground Wires 

Coupling. The coupling varies with corona, spacing, 
and conductor diameter. May be taken as 30 per 
cent, 45 per cent, and 55 per cent for one, two, and 
three wires respectively.@ 


Grounding and Spacing. Ground wires should be well 
grounded at each tower and spaced approximately 


15 ft from the line conductors to prevent flashover at 
mid-span. 
Counterpoise 

When Used. Counterpoises are used when they pro- 
vide the cheapest method of reducing the tower. 
footing resistance to a value which will prevent spark- 
over of line insulation. 

Propagation Velocity. This is approximately one-third 
that of light or 330 feet per microsecond.) 

Surge Impedance and Resistance. By test 150 to 200 
ohms.@) Varies with current penetration and time. 
Resistance becomes predominant after a few micro- 
seconds. 


Length and Number. A recommended length is 160 


ft of counterpoise per microsecond of wave front to 
crest current.) Lower impedances may be obtained 
more advantageously by using multiple counterpoises 
than by increasing the length beyond the above figure. 
Spacing. Spacing between parallel counterpoise wires 
should be as great as the right-of-way permits. 


Lightning Arresters 

Zone of Protection. Ahead of the arrester most of 
the protection is lost in the first span away from the 
arrester.@%) Beyond the arrester the arrester level is 
maintained except for attenuation and reflections. 

Length of Connections. Hairpin loops are beneficial, 
effect decreases as lengths become shorter.) Arrester 
and transformer should always be as close together as 
practicable. Where hairpin loop is not used leads 
should be as short as possible. . | 

Grounds. The voltage drop at ground connection is 
added to arrester voltage,“®) except where intercon- 
nection 1s used. 


CHRONOLOGICAL SUMMARY OF FIELD TESTS IN UNITED STATES WITH CONTROLLED SURGES 


Date |} Location: Made By 


| ee  O-  __ er 


1926 se Westinghouse Electric and Duquesne Light Company 


Manufacturing Co.( 


Co-operating With Description 


The first tests using impulses 
on energized lines. 


Eee Feces STETHOSCOPES USED RT aS ST EROS TORE WTP era Ra OSE TE 


ey 
od ip 


Study of attenuation with 
portable impulse generator 


Choke-coil tests . 


a en oe 
oe 


Westinghouse Electric and- 
Manufacturing Co.) 


Public Service Electric & Gas | Study of attenuation, coupling, | 


Co. : surge impedance, and ‘coun- 
terpoise _ 


rr fn | 


fn —————— SSeS 


SS |S ee SS SSS SSS See 


Study of traveling waves 


Attenuation by successive re- 
- flections 


Tests on attenuation, coupling, 

surge impedance, counter- 
poise, lightning arresters, 
cables, etc, 


| |  _ | 


Study of reflections 


I a  G 


1931 | Detroit (Mich.) Westinghouse Electric and 


Manufacturing Co.() 
General Electric Co.@ 


1933 | Pittsfield (Mass.) 


1983 | Trafford (Pa.) 
1934 Manufacturing Co.) 


Laboratory Line 


Westinghouse Electric and | Laboratory. Line 


Associated Gas and Electric | Distribution-arrester protec- 
Co. tion 


— ee ee 


Detroit Edison Company 


Voltages on a substation with 
cable entrance 


Counterpoise tests 


‘Counterpoise tests 
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Impulse Voltage Strength of Insulators 


and Materials 


By J. C. DOWELL 


High-voltage Engineering Laboratory 


Pittsfield — 


and C. M. FOUST 


General Engineering Laboratory 
Schenectady 


General Electric Company 


URING the past several years considerable 
progress has been made in the determination 
of the lightning flashover and breakdown 


characteristics of various insulating materials and of 
the assembled apparatus in which these materials are 


used. Although these data are not as yet complete, 
the material available at the present time makes 


possible the solution of various problems in the co- 
' . ordination and protection of electrical systems. 


In this article the writers have attempted to 
assemble and present ina useful form the latest data 
on impulse breakdown and flashover for the most 
jmportant insulating materials concerned in the 


problem of lightning protection. For comparative 
purposes some 60-cycle data are also included. Previ- 


ously, these data have been widely scattered in vari- 
ous publications and it is hoped that by assembling 
them in one article the usefulness of the data to 
the industry will be greatly increased. 

In several instances, using similar devices—such as 
sphere gaps, rod gaps, and line insulators—several 
laboratories have compared results, found good 
agreement, and decided upon common values for all 
to use. In other cases, the results are from particular 
laboratory tests and are to be used for specific applica- 
tions only when it is clear that all laboratory test 
conditions are correctly representative. 

The data are given in curve form and in tables, and 
in each case effort has been made to include with each 


‘all the information pertinent to the use of the values 
_ given. Table I summarizes all the data included. 


Measurement Methods : 
The crest voltmeter was used in obtaining all 
60-cycle sparkover voltage values. This meter, con- 
sisting of a capacitor and vacuum-tube rectifier and a 
d-c milliameter, was connected to a voltmeter coil of 
the testing transformer. Crest voltage values were 
obtained by multiplying this coil voltage, as indicated 
by the milliameter reading, by the voltmeter coil 
ratio. Effective values were obtained by dividing the 
coil voltage by the square root of two. The crest 
voltmeter was calibrated directly by using a true sine- 
Wave generator and an effective-value voltmeter. 
Allimpulse voltages and wave shapes were obtained 
with the Marx circuit surge generator® and a suit- 


()“Calibration of the Sphere Gap,’’ by J. R. Meador, Electrical Engi- 
neering, vol 53, no. 6, June 1934, pp. 94 42-948. 
M ) ‘Impulse Calibration of Sphere Gaps,” by P. L. eae and P. H. 
cAuley, Electric Journal, vol 31, no. 6, June 1934, pp. 228-2 
C. (3)' ‘Lab boratory Measurement of Impulse Voltages,” ea rt Dowell and 
M. Foust, A.J.E.E. Trans., vol 52, no. 2, June 1933, pp. 537-543. 
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able discharge circuit. All voltage values were 
measured with the sphere gap“) and the cathode-ray 
oscillograph. Voltage values on time to breakdown 
curves were measured with the cathode-ray oscillo- 
graph. The resistance cable divider was used to divide 
the impulse voltage of the surge generator to a level 
suitable for application to the cathode-ray oscil- 
lograph deflection plates. The ratio. of voltage division 
was obtained by careful measurement of the divider 
resistances. The deflection sensitivity of the cathode- 
ray oscillograph was determined by applying d-c 
voltage to the deflection plates of the oscillograph. 
True impulse voltage values for a particular applied 
wave were then obtainable by multiplying the im- 
pulse deflection in millimeters by the oscillograph 
sensitivity in volts per millimeter and by the resist- 
ance cable divider ratio. The sphere-gap voltage meas- 
urements are in accordance with the latest revision of 
sparkover voltages for 60-cycle measurements. For 
impulse measurements the latest sphere gap calibra- 
tions were used. 

In plotting all data, crest-voltage values are used 
except in several cases of 60-cycle breakdown where 
effective values are reported. Where volt-time curves 
are given, the maximum value of applied voltage is 
plotted against time to breakdown in microseconds. 
Time is measured from a virtual zero point located at 
the intersection of the zero voltage line and a line 
drawn through the 10 per cent and 90 per cent voltage 
values. 


The Data 

All data included in this article were obtained at the 
Pittsfield and Schenectady Laboratories of the General 
Electric Company except where otherwise stated. A 
few important facts pertinent to the use of the data 
presented in the illustrations are included in the 
following: 

In arriving at the 60-cycle and positive-polarity rod- 
gap and suspension-insulator curves the data from the 
several laboratories were plotted together and an 
average curve agreed upon. The curve submitted by 
each participating laboratory agreed throughout 


within five per cent of the average curve for all 


laboratories. All individual data points came within 
plus or minus five per cent of each respective lab- 
oratory curve. On this basis it was agreed that a 
tolerance figure for future tests of plus or minus eight 


(4)‘‘Revised Sphere cep Sparkover Voltages,’ Electrical Engineering, 
vol 55, no. 7, July 1936, p. 783. 


per cent for individual data points would be accept- 
able. Where curves spread out to form a band of spark- 
over voltage a range of gap spacings wherein spark- 
over is somewhat erratic is indicated. The eight per 
cent tolerance in case of such a band applies to the 
borderline values. 


Bushing Flashover Data 

Tables IV and V give the 60-cycle flashover and 
minimum positive impulse flashover of, bushings. The 
equivalent rod gap having the same minimum wave 
flashover for the positive (1.540) wave has also 
been included. Bushings for power and distribution 
transformers are provided with arcing horns which 
permit a more accurate control over the impulse flash- 
over voltage. 

The negative impulse flashover with the (1.540) 
wave can be considered the same as the positive 
polarity for the Type F-73 bushing and smaller. 
For bushings larger than the Type F-73 the negative 
flashover is approximately 10 per cent larger than the 
positive. | 

Fic. 19 shows the volt-time flashover characteris- 
tics of bushings for the positive (1.540) wave. For 
co-ordination purposes a rod gap may be chosen hav- 
ing the same minimum flashover as the particular 
bushing under consideration, and this rod-gap volt- 
time curve may be used to represent the volt-time 
curve of the flashover of the bushing. 

The conclusion that no serious errors are involved in 
using the impulse-strength comparison method is 
justified when the limitations in available informa- 
tion on surge conditions present in operating circuits 
are realized and when the successful bushing perform- 
ance records are considered. 

The variation of 60-cycle flashover and impulse 
flashover of bushings with altitude are shown in Fic. 
20. The flashover voltages tend to decrease with 
increase in altitude owing to the decrease in air 
density. These factors are considered in the establish- 
ment of the standard flashover requirements. All 
flashover values, both 60-cycle and impulse, men- 
tioned in Tables IV and V, correspond to sea-level 
testing conditions, but provide sufficient strength to 
permit satisfactory operation at altitudes up to at 
least 3300 ft above sea level. In the case of bushings 
with a suffix A attached to the class symbol, such as 
L-37A or F-1A, the bushing is suitable for operation 
at altitudes up to 10,000 ft above sea level. These so- 
called high-altitude bushings rated 73-kv and less 
are also suitable for operation at altitudes from 3300 ft 
above sea level down to sea level. High-altitude bush- 
ings rated 92 kv and above should not be operated at 
altitudes less than 3300 ft without the use of a protec- 
tive gap to reduce the flashover voltage which other- 
wise would be excessive at low altitude. Bushings 
rated 8.7 kv and less are all suitable for operation at 
altitudes up to 10,000 ft above sea level, although in 
these cases the suffix A is not shown after the class 
symbol. 


Atmospheric Correction Factors 
Tests have shown that flashover voltage depends 
upon air density and humidity. Indications are that 
these effects vary with the shape of the test specimen 
(rod-gap insulator or bushing), with the voltage level, 
and with the wave shape of the applied voltage. Con- 
siderable additional testing would be required to pro- 
vide exact information on which might be based a 


complete set of corrections applying to every condi- 


tion of test. In the absence of this information methods 
of correcting to agreed standard conditions have been 


formulated from available test results. Standard . 


reference conditions are: 


Temperature 
25 C 
Cie a 


Barometric Pressure 
76 cm of mercury 
29.92 in. of mercury 


Humidity (vapor pressure) ‘ 
15.45 mm of mercury 
0.6085 in. of mercury 


Humidity (absolute) 
6.5 grains per cu ft 


The air density correction factor has been deter- 
mined for spheres and is given in A.I.E.E. Stand- 
ards No. 4. This same air density correction is being 
used for both impulse and 60-cycle sparkover voltages 
on rod gaps, insulators, and bushings. 

Data have been taken on rod gaps, pedestal and 
suspension insulators, and bushings to determine’ the 
60-cycle humidity corrections for each. While it is 
recognized that there are slight differences in the 
correction factor for each type of test piece, the differ- 
ences found were not great enough to justify using a 
separate correction factor for each. In Fic. 33 a single 
curve is shown for rod gaps, insulators, and bushings. 
It has been found, however, that the correction factor 
is sufficiently different for the sparkover of insu- 
lators and rod gaps at low voltage to justify a separate 


correction curve. A correction curve has been obtained 


for one suspension insulator and is included in Fic. 33. 
For tests on rod gaps at voltages below 100 kv (rms), 
the correction factor is reduced in proportion to the 
voltage; that is, at 50 kv half of the correction is 


made. No decrease in the correction factor was indi- 


cated, however, for the small-sized bushings. 

The humidity correction curves for the (1X5) 
and (1.540) waves are shown in Fic. 34. These 
impulse correction factors are also reduced at low 
voltages for insulators and rod gaps. Starting at 140 kv 
crest, correction factors are reduced in proportion 
to the voltage; that is, at 70 kv the correction factor 
is reduced to one-half. Again no reduction is made for 
small-sized bushings. 

The impulse humidity corrections shown in Fic. 34 
apply only to full-wave sparkovers or minimum 


[Continued on p. 60} 
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Fig. 15 
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Fig. 18 |Pedestal Insulators 


Table III/Pin Insulators 


Insulator 


or | 
Material 


Sphere Gap 
Sphere Gap 
Sphere Gap 
Sphere Gap 
Sphere Gap 
Sphere Gap 
Sphere Gap 
Sphere Gap 
Rod Gap 


Rod Gap ° 


Rod Gap 
Rod Gap 
Rod Gap 


|Rod Gap 
Suspension Insulators 


Suspension Insulators 


Suspension Insulators | 1 to 14 


Pedestal Insulators 


Table IV|Bushings, 


‘Table V 


Fig. 19 
Fig. 20 


Fig. 21 
Fig. 22 


Fig. 23 


Fig, 34 


Power Transformer 


Bushings, Distribution 
Transformer 


Bushing 
Bushing 


Pressboard 
Pressboard 
Oil 

Oil 

Oil 

Oil 

Oil 
Herkolite 


Wood 


Wood Cross-arm 


Wood Cross-arm and 
Insulator 


| |Point-plane 


Humidity 


Corrections 


Humidity 
Corrections 


TABLE I 


Illustration 


Tepe ete ete Applied Voltage Polarity Remarks 


6.25 cm diam. 60-cycle and Impulse Positive and negative 

12.5 cm diam. 60-cycle and Impulse Positive and negative 

25.0 cm diam. 60-cycle and Impulse Positive and negative 

50.0 cm diam. 60-cycle and Impulse Positive and negative Recently Revised 

75.0 cm diam. 60-cycle and Impulse Positive and negative Calibrations 
100.0 cm diam. 60-cycle and Impulse Positive and negative 
150 cm diam. 60-cycle and Impulse Positive and negative 
200 cm diam. 60-cycle and Impulse Positive and negative 

1 in. to 10 in. (60-cycle) (1 <5) Positive 

(1.5 X40) volt-time 

10 in. to 100 in. (60-cycle) (1X5) Positive 


(1.5 X40) volt-time 
(Method of Electrode Mounting) 
Lin. tori51n; (1.5 X40) Negative 
in..to.70 in: (1x5) (1.5 x40) Negative 
1 in. to 70 in. wet (60-cycle) 


0.5-in. Square Rods 


(Tabulation of String Length and Insulator Spacing) 


1 to 20 (60-cycle) (1X5) Positive 
(1.5 X40) volt-time 


(1X5) (1.5 X40) Negative 


534-in. spacing 


534-in. spacing 


{ 1 and 2 } (60-cycle) dry and wet |Positive Heavy duty 
1 to7 (1 X5) (1.5 X40) volt-time : 
1 (0.5X5) (1.540) volt-|Positive and negative Light duty 
time 
(60-cycle) dry and wet 
1 (1.540) (60-cycle) Positive 
dry and wet 
(60-cycle) dry and wet |Positive For various circuit 
(1.5 X40) ranges 
(60-cycle) dry and wet  |Positive For various circuit 
(1.5 X40) ranges 
(1.5 X40) volt-time Positive Typical curve 
1 60-cycle and Impulse Positive Variation with alti- 
tude 
Yin. and 1 in. (1.540) volt-time Positive Oil in series and 
tested in oil 
js in. Impulse, a-c, Tested in oil 
complete volt-time 
2 in. to 20 in. (1.5 X40) Positive and negative 
2 in. to 18 in. (60-cycle) 
0.01 cm to 0.2 cm Impulse and d-c Positive 
Cone Disk at 0.025 in.|Impulse and 60-cycle Positive and negative 
Y in. Impulse and 60-cycle Positive a 
Surface Creepage 0 to |(0.5X5) (1X56). Positive In air and oil 
240 in. — 
Surface Creepage 0 to |60-cycle Positive In air and oil 
0 in. : 
1 ft to 8 ft Impulse and 60-cycle Positive 
Mit to: bl tt (1.5 X40) Positive 
4 to 14 units 
2 to 40 cm D-c Positive and negative 
Insulators and (60-cycle) Also 1-unit curve 
rod gaps 
Insulators and (15) (1.5 x40) Positive 
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of approximately two grains per cubic foot 
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oer ee ie ee OF POWER-TRANSFORMER BUSHINGS 
; ae [aes ae (Bushings Equipped with Arcing Horns)—(A.1.E.E. Recommended Level) 
1800 20 
ak es [ee le 60-cYCLE FLASHOVER POSITIVE 
Oe j aS 7 et HH { 18 ae Pe ee Ma , (KV EFF.) 1.5 X40 WAVE 
TT ea fiounits |] el \| | (SRE | appara | Clas Flash, | Bguiy 
Pa P2wez 7 | ] tus kv Dry** Wet*** | over**** od oe 
800 ee 1400 Cae eZee . 14 | Vat Se eaeaeee (kv) Gap 
+4 sane ec eaceeoeeane me 3K 
; : 2:2 
= COP} geo Cer a Rett os | wl ee el el Sle 
ae aes es ° bal Ber Eee | i5 h 66 S-8.7 50 35 98 4.5 
CEA) 3 ecare ogee eee |; Pm] oa88 | aS larhuss| 8 | | ae | ii 
cs Pee Reee eee ees 9 Cob lea eamite| ea i} - PAS 23 25 | S-25A/L-25A| 85 60 | 160 8.1 
ttt eee ttt Pe LCINA TTT og | we | org, | | a | a | 
es | 44 units ,| 2 37 37 i 
ee a wt AL) ann E 3 singeuntt NS | | | [| as | 46 [50 | 150 | 120 | 370 | 15 | 
ge ein | Bs 2 a MO a i Beymiscuietor | | NUT] |] tf | 60 F-7 215 | 165 | 385 | 223 
a Ee le ae eee ee : ime N el og | 2 t-73a | 260 | 200 | 500 | 296 
Sel ee iment PEE Rem e J. | Jae ee =e 73 73 F-73A 260 | 200 | 460 | 27 
3 Fs ee s pedi tedster ale |, ho | Baas eeeks Me Bg ok 280 aD 500 29.6 
500 ee Alea Ee Ee eae ee es ? -8 a 115 115 F-2 340 260 600 36.7 
VO Zee ie 7 erie Earls 1h | >| JERR Ree 115 | 118 B-2A 295 
| Va ee os pee oe ORL iE JAS eaeaeka 138 F-3 405 310 710 | 44 
200 PAO a eee , Ce eee ee nsec om 02 03 04 05 06 07 08 09 10 11 138 | 138 ae 35 «| 815 | B12 
: 3 e i f " ; _i a lo k } , le ° 2 1 
AL ZT TT TT fT TT] Pie 21, pute atoves of wos in serie with upsonion ntltor | Vopor pressure ininchas of mercury ig; fist | Raa | o* | 400 | oe | oo 
4 Ae oe eel BLES sae SS results indicated were obtained Fig. 33. The 60-cycle humidity correction for flashover 196 196 F-6 e06 ; 
ce / using a positive 1.5 X40 wave voltage using a standard of 0.6085 in. of merc 7 
Ae eee Notg.—These lines were obtained from a limited fd : i : ks 230 230 F-230 640 500 1135 3 
We felt, however, that they illustrate with fair accuracy ithe ioulce Petpet of Notr.—A single curve is shown for rod gaps, insulators 287 287 F -9 760 610 1400 92.3 
Yi Ltt | | ET fT [| woselwhen sean series with suspension insulators ge oe fomaren, that the cone 
: 0 10 20 30 40 50 =3636—60 ; tinier nt has. joey jbeen, obtained for one suspension ae Designee ce Tr eee EO aro eusiay pore vapor pressure 
Creepage distance (inches) Syn een | | in eons és ake (ims), the éorreetion inctor is redu ced eae per cent tolerance 760 millimeters a 12,000 ohms per cubic centimeter, 
sig. 29. Plot of 60-cycle creepage over treated laminated wood Ellis, Haake Tobe 30, ao: Aaoaat 1333, ne 347-358 pies indicated, Meweverst: tho eaaibewed niet ic pele ees ey eee ame ra emi eee 
he 


58 Bo 


re 


[Continued from p. 50] s 
sparkover applied voltage. When overvoltages are 
applied the corrections become less. Starting with 100 
per cent corrections at the longest times to break- 
down, the corrections are reduced to zero at a time to 


breakdown of 0.5 microseconds by a straight-ling 
relationship. For example, if the time to breakdown at 
minimum sparkover voltage was 10.5 microseconds 
half the correction factor given in Fic. 34 would be 
used for 5.5-microseconds to breakdown. 


TABLE V ‘e é 
60-CYCLE FLASHOVER AND MINIMUM IMPULSE FLASHOVER OF DISTRIBUTION TRANSFORMER BUSHINGS*. 
| (Bushings Equipped with Arcing Horns)—(A.LE.E. Recommended Level) 


Rated Max, 
Circui Rated 
peut Apparatus Class 
0.6 1 a aes S-1.0 
4.8 5.0 $-4.3 
6.9 8.66 S-8.7 
13.8 15 S-15A/L-15A 
23 25 S-25A/L-25A 
34.5 34.5 L-37 
37 37 L-37A 
46 46 L-50 
50 50 L-50A 
69 69 R73 
73 73 F-738A 


60-CYCLE FLASHOVER (KV EFF.) POSITIVE 1.5 X40 WAVE 
_—_ ess 


Dry** Wet*** 


Flashover**** ° Equiv. 
(kv) ; Rod Gap**#* 
ee 
11 7 35 875 
27 18 65 B30 
40 27 3.5 
53 37 102 4.7 
78 55 150 7.5 
110 80 200 10.6 
127 95 230 12.7 
140 105 255 14.1 
177 130 310 17.6 
205 155 375 21.6 
245 185 450 26.5 


Sooo es OorCO0O0©1—™—mMaeeee eee 
* Above 73 kv. See Po 


wer-transformer Bushings. 


** Corrected to 25 C, 760 millimeters mercury, 0.608 in. mercury vapor pressure, minus 5 
. ui] , 0. ° 2 : : per cent tolerance. 
eee ed to 25 C, 760 millimeters mercury, 12,000 ohms per cubic centimeter tested with 0.1 in. per minute at 45 deg, minus 5 per cent tolerance, 


_ **** Average values. 


TABLE VI 
TABULATION OF THE 60-CYCLE FLASHOVER AND THE MINIMUM IMPULSE FLASHOVER 
OF OIL CIRCUIT BREAKER BUSHINGS 


Bushings Not Equipped with Arcing Horns 


60-CYCLE FLASHOVER 


Rated ‘ 
ase Max, Ge (KV Ber.) aaa eae Solas fei 
Mf Apparatus Dry** Wet*** Flashover Kv**** Hacip: 
EE res Po eg ee eee | oe ener Rod ap**** 
13.8 15 L-15A 85 55 146 
23 25 L-25A 115 85 200 ae 
37 37 L-37A 155 115 300 16.8 
50 50 L-50A 190 145 400 23.2 
73 73 F-73A 260 200 540 32.4 
73 73 — 9-878 260 200 560 
92 | 92 F-1 280 210 560 — : 
F-2 340 2 
115 115 F-2A _ ie pes ay 
138 138 F-3 405 310 765 48.0 
oe . es ; : 
| F-4 460 
161 161 F-4A * BG ee 2s 
196 F-6 555 430 1060 68.0 
230 230 F-230 640 500 1175 : 76.0 
287 287 F-9 760 610 | 1450 94.5 


* Designed to meet low altitude flashover at 3300 ft altitude. 


** Corrected to 25 C, 760 mmHg., 0.608 in /Hg. vapor pressure minus 5 
; nap R : ; per cent tolerance. 
*** Corrected to 25 C, 760 mmHg., 12,000 ohms /cc, tested with 0.1 in. per minute at 45 deg. minus 5 per cent tolerance. 


**#** Average values. 
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i 7 Protection of Transmission Lines Against 


Lightning: Theory and Calculations 


PART |: LINE: INSULATION —GROUND WIRES—TOWER GROUNDING 


By L. V. 


BEWLEY 


Power Transformer Department, Pittsfield Works 


HE object of this article is to present data 
and methods of calculation for determining 
the reduction in insulator flashovers afforded 


by ‘various protective devices, and to compare them 
a ander different conditions. To accomplish this pur- 


pose, means have been developed for estimating the 
number of: flashovers and segregating them into 


'1-, 2-, and 3-phase, and in some cases double-circuit, 


flashovers.. The basis of calculation is a simple 


universal formula which is applicable in any of the 
following cases or combinations of them: (a) lines 
with no protective equipment, (b) lines with ground 
- wires, (c) lines with expulsion gaps, and (d) lines with _ 
- Petersen coils.* This flashover formula is 


V= (1 —Ce)a R! Lee (1) 
in which 


V =voltage across the insulation 

Cx=coupling factor (depends upon the number, 
configuration, and spacing of the conductors, 
and is modified by corona). 2 

a =crest factor (depends upon the length of spans 
or the distance between expulsion gaps, tower 
footing resistance, lightning wavefront, and 
conductor surge impedance). 

-R’ =effective resistance (depends upon the ground- 
ing resistance, and the surge impedance of the 
lightning stroke and of the stricken conduc- 
tors). 

I =lightning current which the stroke could deliver 
to a zero-resistance ground (which is equal to 
twice the traveling-wave current in the stroke). 
e=effective instantaneous normal-frequency volt- 
age (depends upon the normal-frequency po- 
larities and the conductors involved). 


Equation (1) is derived as follows: Suppose that a 
lightning stroke of surge impedance Z) (assumed to 
be equal to 400 ohms in this article) contacts a group 
of conductors having a combined surge impedance 


Zn at a point (for example, a tower) where the 


()‘Flashovers on Transmission Lines,’’ by L. V. Bewley, Electrical 
Engineering, vol. 55, no.°4, April 1936, pp. 342-354. 

*Since the general subject of Petersen coils—how they function, their 
structural features, field of utility, and _economies—has been covered 
Tucently in ‘an article by E. M. Hunter (‘The Application of the Petersen 
Coil,” GENERAL ELEcTRIC REVIEW, vol. 39, no. 12, December 1936, pp. 
588-597), and data on their operating records are to be presented in a 
future article by W. W. Lewis (‘‘Protection of Transmission Lines Against 
Lightning: Operating Practice and Experience’), consideration of these 
coils in the present article will be confined to a single example in which 
their calculated performance is compared with that of other methods of 
Protection. Howae 8 : 

Also, automatic reclosing is not taken up in this article since such 
theoretical considerations as may be involved in it are properly problems 
in system stability and not in traveling-wave and flashover phenomena. 


General Electric Company 


resistance to ground is R. Then if the traveling-wave 
current in the stroke is [/2, the voltage which is at 
the stricken point and which issues therefrom as a 
traveling wave is : 
Yet tae! I = R! 

W/Z 2/22 ye 


which defines the effective resistance R’. 


(2) 


AMPERES LIGHTNING CURRENT 


PERCENT EXCEEDING ORDINATE 


Fig. 1. Lightning current expectancy curve. (Lewis and Foust) 
(Percentage of strokes exceeding amperes given by ordinates) 


Now I is the current which this same stroke could 
have delivered to a zero-resistance ground, and in 
Fic. 1 are given the experimental data. 

The surge impedance Zn of m conductors in parallel 
is approximately” | | 


7 
Z, 22-2 | (3) 
n 
in which Z is the average self-surge impedance, and 
Z’ the average mutual-surge impedance between 
pairs of the n conductors. Average values are Z = 500 
and Z’=125 ohms, and on these assumptions Zn has 


the values given in Table I. 
TABLE I 


(2)Bewley: Traveling Waves on Transmission Systems, John Wiley & 


Sons, Inc, New York, 1933. - 
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The resistance to ground, R,. depends upon the 


stricken: point. Obviously, if a line conductor is 
struck, or a ground wire at midspan, R = © ; while if 
a tower is struck, the resistance is that of the tower 
footing and of the ground rods or counterpoise in 
parallel. For a very, high tower, as at.a river crossing, 
or for very short time lags, the initial value of R 


should be taken as the surge impedance of the tower © 


itself, and is approximately equal to 100 ohms‘). 
However,. a few successive refléctions in the tower 
suffice to eliminate its surge impedance, and ‘there- 
after R is the footing resistance. Values of R’ based 
on Equation (2) and Table I have been plotted in 
Fic. 2. 

Now the wave E’, as given by Equation '(2), 
induces an accompanying wave on an adjacent 


Pree ry th 
Ree a 
SGURae ADEE 
BEREBY 02 


Fig. 2. Effective resistance at the stricken point 
(Based on a lightning stroke surge impedance of Zo =400 ohms) 


isolated conductor so that the difference in voltage 
between the group of stricken CRUE OL and the 
adjacent isolated conductor is _ 


in which the coupling factor is Pe by? | 
Ce eee, (2 Bee -*) eG 
nN Lis Q1Q,.... Qn 


and has been plotted in Fic. 3. : 

The normal-frequency voltage e depends upon the 
instantaneous 60-cycle voltages. and polarities at the 
instant when the line is struck,™ and is given in 
Table II in terms of the instantaneous phase voltages 
(é1, é2, and ¢3).:. 

Ordinarily, the. bor ualeccace voltage does not 
appreciably affect the number of expected flashovers, 
although it is influential in fixing the order in which 
the different conductors will flash over. McEachron 
has shown by laboratory tests that it may be added 
directly to the impulse voltage in estimating the net 
Lightning Computations for Transmission Lines with Overhead 
Ground. Wires,’’ Parts I, II, and III, by C. A. Jordan, GENERAL ELECTRIC 


REVIEw, vol. 37, nos. 3, 4, and ‘5, March. April, and May, 1934, pp. 130-137, 
180-186, and 243-250. 


(4)““Multiple Lightning Strokes,’’ by K. B. McEachron, Electrical 
Engineering, vol. 53, no. 12, December 1934, pp. 1633-1637. 
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impulse voltage necessary to cause flashover. Hence 
it appears in Equation (1) as an additive correction. 
Owing to successive reflections between towers, the 
full voltage of Equation (4) may not develop; since 
lightning wavefronts may be several microseconds 


long. The crest factor @ takes this reduction into 


account. Moreover, the flashover ‘voltage V of an 


insulator depends upon the wave shape, which is | 
mutilated by the successive reflections. The method © 
by which the crest factor a and the time-to-flashover'’ 


t are determined will be described in the section on 
Ground. Wires. These parameters, of course, depend 
upon the particular conditions encountered ‘by the 


stroke, and.those for a stroke to a tower differ from 
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Fig. 3. Coupling factor between a group of conductors and 
a single isolated conductor 


those for a stroke to midspan, etc. It will be necessary 
to obtain curves for them covering all practical 
conditions. With such a set of curves, and Equation 
(1), the procedure is straightforward, and one case 


_ differs from another only in the a and ¢ curves to be 


used. Thus flashover calculations are simplified and 
unified. 


TABLE II 


Stroke to . Flashover to. | 


Ground wire No. 1 line wire 


Tower -No. 1 line wire 


No. 1 line wire Tower 


No. 1 line wire No. 2 line wire 


No. 1 and No.2 ! No. 3 line wire 
line wire | 


4 


LINE INSULATION 
Insulation on established lines varies over a wide 
range, in some voltage classes as much as 2:1. Gener- 
ally speaking, however, line insulation has been made 


proportional to the circuit voltage, which is rational 


as far as switching surges or arcing grounds are 


concerned, 
proportional to the system voltage. But with respect 


, 


a 


since these over-voltages are directly 


to lightning there is no logical reason why the insula- 
tion should bear any relationship to the system 
voltage. It will be shown in this article that it is 
practically impossible to protect a line by insulation 
alone. If ground wires are employed, the insulation 
should be inversely proportional to the tower- 


3 E footing resistance; but it is almost invariably better 
= to reduce the resistance than to increase the insula- 
tion, and even for very low tower-footing resistances 
(of the order of 15 ohms) approximately 10-unit 
insulators are required. But the minimum insulation 
is fixed by the magnitude of switching surges, for 


these surges are very frequent. In Fic. 4 switching 
surges of 5% (the maximum), 5, 4%, and 4 times 
normal line-to-neutral voltage have been plotted 
against circuit voltage. Statistics show) that switch- 


‘ing surges of these magnitudes constitute 0.1, 0.5, 


switching surges exceeding normal voltage. 


9, and 5 per cent respectively of the total number of 
The 


stepped curve in Fic. 4 gives the appropriate number 


of standard (10-in. diam 534-in. spacing) insulator 


units, allowing a 10 per cent ‘margin over the maxi- 


~ mum switching surge. 


Thus a 110-kv line should have a minimum of 
seven insulator units. The heavy vertical lines in 
Fic. 4 indicate the range of insulation now in use in 
the United States, and the bull’s-eyes on these lines 
give the weighted averages. Possibly some of the lines 


"were purposely over-insulated in anticipation of a fu- 


ture increase in, system voltage, while it may be that 
some of those under-insulated- represent a transition 
stage torenovation. In general, however, thetrend of in- 
sulation follows the proposed step-curve rather closely. 

Frc. 5 shows a typical set of time-lag characteristics 
for the flashover of standard 10-in. diam 534-in. spacing 
insulator units, based on the 1.540 wave. Minimum 


- flashover on the 1X5 wave occurs at about 3 micro- 


seconds and -75 per cent crest. This is practically 
identical with the crest voltage on the 1.540 wave 


also at 3 microseconds. On the other hand, a long- 


front wave, say 4 microseconds jor longer, will flash 
over, if at all, practically on the crest. As there will be 
occasion in this article to interpret various irregular 
wave shapes in terms of flashover.on the 1.540 
wave (since the data are available for that wave 
only), the arbitrary assignments given in Table III 
will be adhered to. 
TABLE III 


Wavefront of Lightning (Microseconds) 


Per cent of crest voltage at. which full- 
wave yasrover occurs on tail of une 
wave. Sere SRT Oe Re eee Penal Be 


Wood crossarms are assumed to average 100 kv 


per ft, or one foot of wood is equivalent to one 


@; ‘Coordination of Insulation,’’ by V. M. Montsinger, W. L. Lloyd, 


Jr., and J. E. Clem, A.I.E.E. Trans., vol. 52, no. 2, June 1933, pp. 417-497. 


insulator unit. While it is recognized that wood and 
insulators do not have a combined flashover voltage 
equal to the sum of their individual flashover volt- 
ages, yet certainly for estimating purposes it is suf- 
ficient to add them. Thus. two insulator strings of 
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Fig. a Minimum insulation as fixed by the magnitude of switching 
- surges and the ranges. of insulation actually used 


(Equivalent 10-in, diam 5 8{-i -in. spacing, standard insulator units) 
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Fig. 5. Taaulatee flashover characteristics for the 1.5 X40 positive 
wave and standard 10-in. diam 5 34-in, spacing insulator units 


6 units each and 8 ft of wood would have a com- 
bined flashover voltage equivalent to about 20 insu- 
lator units. 


| GROUND WIRES 
The purpose of a ground wire is to intercept a 
direct stroke and convey it to ground without 


permitting a flashover to take place to. a line 
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conductor, or at least to prevent the bulk of such 
flashovers. 


To accomplish this purpose a ground wire must:. 


(1). Be high enough above the line conductors to 
intercept the stroke (by shielding). 

(2). Have low enough tower-footing. resistances 
to prevent flashover of the insulators. 

(8). Be high enough above: the line conductors 
at midspan to prevent a side flash during the 
interval required for the reflections from the towers 
to return to midspan and relieve the stress. 


These functions will be considered in detail. 


Shielding 


Various criteria have been proposed for the proper 


position and clearance of ground wires to shield the 


line conductors effectively. The simplest is the so- 
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Fig. 6, Shielding requirements based on the clearance arc 


Example of Protective Cones of Masts and Towers: 


What should be the height of a centrally located direct-hit 


wire to protect three line wires in a horizontal plane at 25 ft 
spacing and 60 ft height against direct strokes: from clouds 
higher than 1000 ft? 


x* = 25 x/H =0.025 

y =60 4y/H =0.060 

H =1000 h/H =0.070 from Fic. 6 
.4=70 ft 


. . Thus a direct-hit wire 10 ft above the line conductors will 
just shield them from direct strokes. However, an extra 5 ft 
elevation is advisable as a margin of certainty. 


called ‘‘cone of protection’? whereby the line con- 
ductors are assumed to be shielded if they lie within 
a wedge whose ridge is the ground wire and whose 
base in times its altitude. But there is little agree- 
ment about the proper value of u, and it has been 
taken all the way from 1 to 4. Probably a value of 2 
is safe enough. Another criterion is to specify the 
angle between the vertical through the ground wire, 
and the line between ground wire and protected 
conductor. It has been proposed to make this 
angle as small as 15 to 20 deg. On the assumption 
that lightning will strike to the nearest object, a 
set of curves can be worked up as shown in Fic. 6. 

It would seem that a question of this nature could 
be quickly settled by laboratory tests on models, but 


(*)‘Lightning Discharges and Line Protective Measures,” by C. L 
Fortescue and R. 
1931, pp. 1090-1100. 


N. Conwell, A.I.E.E. Trans., vol 50, no. 3, September 


the results of such tests seem to be entirely too 
optimistic as compared with actual experience. Two 
ground wires provide better shielding than a single 
ground wire. : 


Stroke fo a Tower 
When lightning strikes a tower, or a ground wire in 


the immediate vicinity of a tower, waves travel to the 


neighboring towers and develop reflections, and 


these reflections returning to the stricken tower: 


rapidly reduce the voltage there. Fic. 7 shows the 
reflection lattice for a stroke to a tower having a sin- 
gle ground wire and footing resistances of R = 80 ohms. 
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Fig. 7. Typical lattice (R =80 ohms) used in the calculation of 
successive reflections and refractions 


The reflection and refraction coefficients are'” 
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_ (2X 400 x 80) — (60080) — (500X400) __ 4 
(2 400 X 80) + (500 x 80) + (500 x 400) 


The amplitude of each reflection, with proper sign, is 
given by a factor Ar, the subscript r designating the 
particular reflection. These reflections reach the 
stricken tower at regular intervals 27 where T is the 
distance between towers in microseconds. Assuming 
the initial wave E’ to have a straight front of length 


(1)“Criti ue of Ground Wire Theory,’’ by L. V. Bewley, A.1.E.E| 
Trans., vol. 50, no. 1, March 1931, pp. 1-22. 


; : 3 
f, anda flat top, the resultant wave at the stricken - 
3 point, as compounded. of all reflections, is given by 


nN : 
a —_ > (21 T) Ar (6) 


0 


jn which negative values of (¢—2 rT) are to be taken 
.equal to zero, values greater than unity equal to f, 
= and intermediate values at their face value. The work 


is greatly expedited by the tabular method outlined 


e inTablelV. * | \ 


Fic. 8 shows typical wave shapes “a found from 


the lattice in Fic. 7 and Equation (6). The crest 


factors a are the crests of these resultant wave 


shapes, while the time-to-flashover ¢ is taken from 


0 5 1.0 1.5 2. 3.0 fz! 
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Fig. 8. Typical wave forms for determination of crest factors a 
and time-to-flashover ¢ 


R =80 ohms footing resistance 
T =length of span in microseconds 
f =lightning wavefront in microseconds 


them in accordance with Table III. From similar 
plots for other footing resistances, the complete 
a and ¢ curves of Fics. 9 and 10 were obtained. 


TABLE IV 
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By Equation, (1), tHe lightning current to cause 
flashover is (neglecting the normal-frequency voltage) 
(Je 

(1 —C n) aR’ 

in which V is now the flashover voltage of the insula- 


tion taken from the 1.540 data, Fic..5; and corre- 
Sponding to the time ¢ from Fic. 10. 


(7) 


Example: 


A line has nine insulator units per string, two 
ground wires at 60 ft elevation and average clear- 


ances of 15 ft, 500-ft spans, and tower-footing re- 
sistances of 45 ohms. What percentage flashovers 
can be expected for strokes at or near the tower, 
assuming lightning wave fronts of two micro- 
seconds? | ea 


Zn=312 a=0.85 V=1020 — 
R’ =32 t=2.8 ~ I=61500 
Cn =0.39 e=0 .. Py=14 per cent 
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Fig. 10. Time-to-flashover at a tower fora 
stroke to the tower 


It is important to note that the lower the insulation 
level of the line the greater the necessity for reducing 
the tower-footing resistances. In general, the footing 
resistance must be decreased directly in proportion 
to the reduction in insulation. Thus in the foregoing 
example, had there been only 6 disks the footing 
resistance would have had to be 25 ohms, or for 2 
disks, or equivalent pin-type insulators, 7 ohms 
would be required for the same percentage flash- 
overs. 


Estimating Chart - 


There are too many variables in Equation (7) to 
admit of plotting in a single chart. However,.assum- 
ing a lightning wavefront of f=2 microseconds and 
basing the crest factor a and the time-to-flashover t 
on average tower-footing resistances, the chart in 
Fic. 11 was prepared.) The upper part of this 
chart is a plot of V/a@ (horizontal scale) against 
number of insulators (vertical scale), with the length 
of span as parameter. A value of R=20 was assumed 
in taking a and tas functions of span length only. 
The lower part of the chart contains the lightning 
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Fig. 11. Chart for estimating percentage insulator flashovers. 


current curve of Fic. 1, and a sheath of straight lines 
representing the equation 


Ved-GyR Tr 
= | 


with (1—C;,) R’ as parameter. 


The previous example is illustrated on the chart: 
at 9 insulator units, and on the 500-ft span curve 
read 1080, thence vertically downward to the inter- 
section with the (1—Cn) R’=0.61X32=19.5 curve, 
thence horizontally to a lightning current of 54,000 
amp and 17 per cent flashovers. Suppose, now, that 
it is required to reduce the flashovers to 10 per cent. 
This permits a current of 75,000 amp, and the footing 
resistance would have to be lowered so that 


(1—C,) R’=0.61 R’=14 


Hence R’=23; and from Fic. 2, R=29. With a 
single ground wire and Cx=0.25, it would be neces- 


sary to reduce the effective resistance to R'=18.7, 
and in Fic. 2 this is seen to require R= 21. 

If there are no ground wires, and lightning strikes 
either the tower or a line conductor, the chart is sti] 
applicable, but the 1.540 full-wave line in the 
upper part of the chart, and zero coupling in the 
lower part, are to be used. For a stroke to a tower, 


k’=R, while for a stroke to a line conductor R’=159. 


Thus a line without ground wires and 9 insulator 
units will experience about 83 per cent flashovers. 
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Fig. 13. Time-to-flashover at midspan for a stroke to midspan. 


Stroke to Midspan 

In exactly the same way as for a stroke to the 
tower, reflection lattices can be set up for a stroke 
to midspan, and therefrom the resultant wave shapes 
at midspan determined. From these wave shapes 
the crest factors and times to flashover are found, as 
given in Fics. 12 and 13. | 

The coupling factor and surge impedance should 
include allowance for corona in the case of a stroke 
to midspan, since the voltage there may be con- 
siderable before the reflections return from the tower. 


It is sufficient to assume 5000 kv on the stricken 
5 


{| 


f 


e. 3 
ground wire for estimating coupling and surge im- 
edance. | 
The voltage to flashover at midspan is equivalent to 
that to flashover between points at the same spacing. 
Equation (1) is solved in Fic. 14 by the inter- 
gections of two sets of curves: the flashover voltages 
V (as functions of the midspan clearance s and the 
time-to-flashover 7); and the curves representing the 


S right-hand side of Equation (1). The use of Fic. 14 
~~ js as follows: (a) find a from Fic. 12, and ¢t from Fie. 
43; (b) for a given midspan clearance s find the ver- 

& tical intersection with the appropriate ¢ curve, and 
3 ‘interpolate the value of al; (c) for these values of 
al anda find the lightning current J and the corre- 


sponding per cent flashovers from the insert curves in 
Fic.14. This procedure can be reversed, of course, to 
determine the proper midspan clearance to prevent 


. the flashovers from exceeding a specified number. 


Example 
A line has tower-footing resistances of 40 ohms, 
spans of T=800 ft, and midspan-ground wire 
- clearance of s=15 ft. What percentage of midspan 
flashovers can be expected? Assuming a lightning 
wavefront of f=1 microsecond, there is a=0.76 
and t=1.17 from Fics. 12 and 13 respectively. 
The curves in Fic. 14 then give aI =55,000 and 
from the insert curves [=72,500 and P2=10 per 
cent. Thus the percentage strokes capable of caus- 
ing a midspan flashover are few. 


Suppose, now, that it is required to increase the 
mid-span ground-wire clearance enough to prevent 
all flashovers on the span for lightning currents up to, 
say 100,000 amp. Then 


aI =0.76 X 100,000 = 76,000 


In Fic. 14 this al curve intersects the t=1.17 
curve at s=23 ft. Thus to reduce the midspan flash- 
overs by only 4 per cent of the total strokes to midspan 
would necessitate increasing the midspan clearance 
by 53 per cent. 


Insulator Flashover Due to a Stroke at Midspan 


Now a certain proportion of the strokes at midspan 


may be capable of causing an insulator flashover at the 
tower, unless the footing resistances are low. It is 
possible to derive a and ¢ curves for this condition, 
but for footing resistances less than R=100 ohms it is 
sufficient to use the a@ and ¢ curves for the case of a 
stroke to a tower, provided half the tower-footing 
resistance be used. Thus in the previous example, 
and for 9 insulator units per string: 


R’=18 ohms from Fie. 2 


bai moo ums a =1.0 from Fic. 9 


Z,=500 ohms t =4.6 from Fie. 10: 
I =800 ft V =930 from Fic. 5 
f=1 ms. I =68,800 by Equation (7) 
Ci =0:25 P;=11 per cent from Fic. 1 


Correlation of Tower and Midspan Flashovers : 


In the three previous sections the probability of 


flashover for a stroke to a tower, for a stroke to 
midspan causing midspan flashover, and for a stroke 


at midspan causing insulator flashover were con- 
sidered separately and methods given for estimating 


‘them. Actually, however, the stroke may hit the 


line at any point. It is possible to work out reflection 
lattices and resultant: wave shapes for such cases, 
but the nature of the problem hardly justifies a 
separate investigation for each possible point at 
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Fig. 14. Chart for estimating midspan flashovers 
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Fig. 15. Conductivity of ground rods in 
parallel (H. B. Dwight) 


which lightning might strike. Rather it will be 
assumed that, on the.average, any stroke within a 
quarter span of a tower will be considered equivalent 
io a stroke at the tower itself, while any stroke within 
a quarter span of midspan will be considered equivalent 
to a stroke to midspan. ; 

If, then, the percentage flashovers are: P; for a 
stroke at the tower causing insulator flashover, 
P. for a stroke at midspan causing midspan flashover, 
P; for a stroke at midspan causing insulator flashover, 
the total percentage flashovers will be the greater of 


| P=— (P,:+ Pe) or P= (P,+Ps) (8) 


TOWER GROUNDING 

The effectiveness of a ground wire, and to some 
extent expulsion gaps and Petersen coils, depends 
largely on low tower-footing impedance—of the 
order of 10 ohms. Ordinarily, the tower footing itself 
will have too high a resistance and special means must 
be used to reduce it. There are two methods in general 
use: (a) driven grounds, and (b) counterpoises. 


COUNTERPOISE IMPEDANCE 


WAVE FRONT(MICROSECONDS ) 


Fig. 16. Chart for estimating counterpoise 
impedance and length 
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Fig. 17. Effect of number of wires on 
counterpoise impedance 


Driven Grounds 

Driven grounds consist of a group of long rods, 
usually frorn 34 to 2 in. in diameter and from 10 to 
50 ft long, driven into the earth around the base of 
the tower. 

The conductivity of a single rod depends upon its 
immersed area, the type and moisture content of the 
soil, and whether the rod reaches the water level. 
The conductivity in moist earth can be substantially 
increased by salting. On the assumption of a uniform 
and homogeneous earth, it is possible to calculate the 
conductance of a rod in terms of its dimensions and 
the'soil resistivity. But the resistivity along a right- 
of-way varies over such a wide range and the water 
level is at such a variable depth that it is generally 


(8)**Calculation of Resistances to Ground,” by H. B. Dwight, Elec- 
trical Engineering, vol. 55, no. 12, December 1936, pp. 1319-1328. 


preferable to determine the resistance by measure- 
ment at each tower. 

The conductivity of a group of ground rods de- 
pends on their number and spacing. H. B. Dwight 
has given formulas and curves) for earth of uniform 


resistivity. Fic. 15, taken from his article, shows © 
a typical set of curves for rods 34 in. diameter by 


10 ft long. It is evident that as the number of rods 


is increased they must be spread farther apart to 


obtain the full effectiveness per rod. 


The resistance of a driven ground may be less for | 
an impulse than for direct current. Tests'®) seem to 


indicate that the impedance to impulse is initially 
higher than the measured resistance, but décreases 
as the voltage of the surge increases to its crest, and 
after the crest soon reaches a minimum of about 
75 per cent the measured value. | 


Counterpoises 

Counterpoises are horizontal wires buried in the 
earth to a depth of one to three feet and connected 
either directly or through a small gap to the towers. 
They may be of either the continuous tower-to-tower 
type laid parallel to the line conductors, or the radia] 
(crow-foot) type consisting of several wires radiating 
from the tower base. 

It has been shown by theory) and by 
tests002)03)(14) that the principal effect in the be- 
havior of a counterpoise is the transient impedance. 
This impedance begins with an initial surge impedance 
of 150 to 200 ohms and decays in a roughly ex- 
ponential fashion to its final leakage resistance, the 
time of transition being the time required for the 
first reflection to return from the end of the counter- 
poise to the tower, traveling at one-third the velocity 
of light. ee 

The coupling effect with overhead conductors, 
being of the order of 3 to 10 per cent, is not of much 
consequence in comparison with that of overhead 
ground wires. It is usually sufficient simply to add 


5 per cent to the ground-wire coupling if there is a _ 


parallel counterpoise. - 


Since the impedance of the counterpoise varies — 


with time, the value which should be used is the one 
that corresponds to the wave crest; and it is therefore 


_ different for different wave fronts. The effect can be 


calculated by means of an equivalent circuit] or 
from certain simplifying assumptions.) For estimat- 
ing purposes, the chart in Fic. 16 has been prepared. 

This chart gives the effective counterpoise imped- 
ance (left ordinate) in terms of the wave front (abscissa) 


(°)‘‘Experimental Studies in the Propagation of Lightning Surges on 
Transmission Lines,” by O. Brune and J. R. Eaton, A.J.E.E. Trans.. 
vol 50, no. 3, September 1931, pp. 1132-1138. 

Poptne Counterpoise,” by L. V. Bewley, GENERAL ELEctTrRIC REVIEW, 
vol 37, no 2, February 1934, pp. 73-81. glee 

(11)‘‘Theory and Tests of the Counterpoise,’’ by L. V. Bewley, Elec- 
trical Engineering, vol 53, no. 8, August 1934, pp. 1163-1172. 

(?)“‘Counterpoise Tests at Trafford,” by C. L. Fortescue and F. D 
Fielder, Electrical Engineering, vol 53, no. 7, July 1934, pp. 1116-1123. 

(18) Discussion by J. H. Hagenguth, Electrical Engineering, vol 54, no. 2, ° 
February 1935, p. 220. 

(4) “Fixing Counterpoise Length,” by L. V. Bewley and J. H: Hagen- 


guth, Electrical World, vol 105, March 2, 1935, pp. 479-482. 


(18) Discussion by L. V. Bewley, Electrical Engineering, vol 54, no. 2, 
February 1935, p. 228. 


eg . 


for different values of measured resistance per 1000 ft 


as parameter (right) and the limiting length of counter- 


poise (top). The use of the chart is as follows: for an 
assumed waveiront go vertically to the intersection 
with the proper resistance curve; the required 
counterpoise length is then given by the diagonal 


‘line passing through the point, and the counterpoise 
4mpedance by the ordinate to the left. If, however, 
the actual counterpoise length is less than the re- 
: quired, the counterpoise impedance is given by the 


4ntersection of the length line with the resistance 


' curve. As an example, for a 3-microsecond wave- 
| “front and 20 ohms per 1000 ft, the counterpoise 


length should be at least 600 ft; and the imped- 
ance is 33 ohms. But if the counterpoise is only 400 
ft long, the counterpoise impedance is 50 ohms. 


Using a counterpoise longer than 600 it would prove 


beneficial for wavefronts greater than 3 micro- 


a seconds, but would be unnecessary for shorter fronts. 


For fronts as short as one microsecond, the counter- 


- poise need not be longer than 200 to 300 feet. In any 


event, it is more effective to utilize a given length 


of wire as several radial counterpoises 200 ft long 


than as a long continuous. counterpoise. 
Fic. 17 shows the advantages of using a given 
length of wire as several parallel counterpoises. The 
initial surge impedance is reduced and the time of 
transition shortened. However, a condition of dimin- 


ishing returns is soon reached beyond which it is 
not profitable to increase the number of counterpoise 
wires by shortening their length. Finally, for a large 
number of short counterpoises, three detrimental 
effects make themselves felt: (a) the waves on the 
short counterpoise wires are not so completely 
absorbed, and therefore return to the tower as posi- 
tive reflections, resulting in a boosting of the tower- 
footing potential; (b) the close proximity of the 
counterpoise wires results in an appreciable mutual 
coupling between them which increases the net surge 
impedance; and, finally, (c) for very short wires the 
earth current does not have an opportunity to find 
as great depth of penetration (and therefore reduced 
resistance) as in the case of longer wires. 

From these considerations, and assuming that the 
shortest wavefront of a lightning surge will not be 
less than one microsecond, it appears that the most 
desirable length of a counterpoise wire is 200 to 300 
ft, where the leakage resistance is less than 200 ohms. 
If the leakage resistance exceeds 200 ohms, then the 
length should be increased until the leakage resistance 
is less than 200 ohms. In practice, this will usually 
mean a continuous tower-to-tower counterpoise. 
If, however, future investigations disclose: that 
lightning wavefronts are generally longer than one 
microsecond, then counterpoise wires longer than 
200 to 300 ft should be used. 
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Protection of Transmission Lines Against 
Lightning: Theory and Calculations 


PART II: EXPULSION GAPS — 


FLASHOVERS — CONCLUSIONS - 


By L. V. BEWLEY : 4 


Power Transformer Department, Pittsfield Works 
General Electric Company 


effective means of lightning protection for 

‘transmission lines." Not only are they 
comparable with ground wires, but in those cases 
_where it is impossible or too expensive to obtain 
sufficiently low tower-footing resistances to make 
ground wires effective, expulsion gaps can provide 
adequate protection. 


yale protective gaps offer a reliable and 


Since there is a minimum 60-cycle current below 
which expulsion gaps will not interrupt the follow 
current, and a maximum 60-cycle current above 
which the expulsion gap may be ruptured, it is neces- 
sary to know the system fault currents before a selec- 
tion of the proper gap can be made. Roughly, there i isa 
1:4 range between the minimum and maximum cur- 
rent ratings of a given gap. Standard ratings are now 
available to cover all voltage and current require- 
ments. 


Fic. 18 gives typical impulse volt-time charac- 
teristics of expulsion gaps. It will be noted that 
these characteristics are flatter than those of string 
insulators, and have a margin of approximately 
20 per cent below the flashover voltage of normal 
line insulation on full-wave flashover of a 1.540 
wave. Atshorter time-lags, the margin is even 
better. 


In initial applications of expulsion gaps there is 
always a temptation to install them at longer than 
single-span intervals, but this practice results in a great 
reduction in the protection which they can render.” 
Moreover, while low tower-footing resistances are 
unnecessary if gaps are installed at every structure, 
it becomes imperative to obtain low footing resistances 
if gaps are distributed at longer intervals; and if the 
gaps are distributed at these longer intervals the 
direct-stroke protection falls short of the possibilities 
with gaps at every structure. 


When expulsion gaps are installed at every struc- 
ture, and assuming perfect operation of the gaps, 
outages are restricted to those few resulting from 
midspan flashovers, which can be computed as has 


(18)**An Experimental , Lightning Protector for Insulators: Protection 
Against Lightning Surges,”’ operat by J. J. Torok, Electrical Engineering, 
vol, 50, 20, vt uly 1931, pp. 4 98-500: 

See e-ion Flashover Protector,” by J. J. Torok ene A.M, 
Ops i Electric Journal, vol. 29, no. 3, March 1932, pp. 130-13 

(18) «4 he De-ion Flashover Protector,” by A. M. Opsahl cna: t ais Torok, 
A.I.E.E. Trans., vol. 52, no. 3, Se tember 1938, pp. 895-899. 

(19) ‘** The Expulsion Protective ap,” Bh McEackrog, I. W. Gross, 

and H. L. Melvin, A.J.E.E. Trans., vol. 5B tes 3, September 1933, pp. 884- 


(%)‘‘Effect Which Different Distributions of Expulsion Gaps Have on 
Direct-stroke Protection of Transmission Lines,”’ Bewley, GENERAL 


by L. V. 
ELectric Review, vol. 38, no. 11, November 1938, pp. 505-510. 


been described in the section “Ground Wires: Stroke: 


to Midspan,” and probably most of these will ex- 
tinguish upon the subsequent operation of the gaps at 
the structures. It may be that excessively high footin g 
resistances will result in so many simultaneous gap 
operations that there will not be enough current in 
each individual gap to interrupt the 60- -cycle follow 
current. But arcs in parallel are inherently unstable, 
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Fig. 18. Volt-time characteristics of expulsion protective 
gaps for a 114 X40 positive wave 


so the gaps will probably clear in succession. This 
supposition seems to be supported by operating 
experience. 

‘When not all the structures are equipped with 
expulsion gaps, the grounding resistance and line 
insulation become of paramount importance in the 
prevention of insulator flashover at the unprotected 
structure.2 Now there are four possibilities: (1) 
lightning strikes the line conductors at a protected 
structure; (2) lightning strikes the protected structure 
itself, (3) lightning strikes the line conductor at an 
unprotected structure, and 4) lightning strikes an. 
unprotected structure. 

The method of calculation aces not differ from that 


employed for ground wires, except as the crest factors 


aand the time factors ¢ depend upon new situations. 


(1). Stroke to Conductor at a Protected Structure 

If the stroke contacts a line conductor at a pro- 
tected structure, the gap will operate and a traveling 
wave will propagate towards the adjacent structures. 
Now if the voltage of this wave were capable of caus- 


ing an insulator flashover at an adjacent unprotected 
: structure, it would be more than sufficient to cause 
operation of the other phase gaps at the stricken point. 
Therefore, consideration need be given only to those 


cases in which all three expulsion gaps at the stricken 


structure operate. The surge impedance involved is 
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Fig. 19. Crest factor at an unprotected structure 
for a stroke to an adjacent structure 
protected by expulsion gaps 
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7 Fig. 20. Time-to-flashover at an unprotected 
structure for a stroke to an adjacent struc- 
ture protected by expulsion gaps 


then that of three conductors in parallel. By con- 
structing a lattice for the successive reflections, the 
crest factor a and the time factor ¢ can be found 
for the surge at the adjacent unprotected structure 
for any wavefront f, span length 7, number of spans 
between protected structures N, and tower-footing 
resistances R. The crest and time factors are plotted 
in Fic. 19 and Fic. 20 for a tower-footing resistance 
of R=40 ohms. 


Example 

A 115-kv steel-tower line is peed with 8-unit 
insulator strings and has 500-ft spans. For strokes to a 
line conductor at a structure protected by expulsion 
gaps, what percentage flashovers can be expected at 
the adjacent unprotected structures for expulsion 
gaps installed at 2,4, and 8-span intervals, if the tower- 
footing resistances of the protected structures are kept 
down to 40 ohms? (It is quite unlikely that such a low 
resistance could be counted on, unless special means 
were taken to obtain it.) ; 

Assuming a lightning wavefront of f=2 microsec- 
onds; the crest factors are read from Fie. 19, the time 
factors from Fic. 20, and the corresponding insulator 
flashover voltages from Fic. 5. Since the flashover is 
to a tower, the coupling factor is zero. The effective 
resistance for three conductors in parallel at the 
stricken point, and a footing resistance of R=40, by 
Fic. 2 is R’=28 ohms. The lightning currents follow 
from Equation (7) and the percentage flashovers 
from Fic. 1. The results are given in Table V. 


TABLE V 
: pa 
|Spans between gaps......| NV Dee 4 8 
Grest factors... scien Ce 0.7 1.0 1.0 
SmetactOnricse< 3d fosters ets t 2.6 4.3 4.9 
Insulator flashover.......| V | 9380 840 810 
Lightning current... «..2 if 47500 | 30000 | 29000 


Percentage flashovers....| Pi 21 40 41 


Had the line been wood pole with no down-leads at 
the unprotected sttucture, the flashovers to ground at 
the unprotected poles would have been substantially 
reduced. 


(2). Stroke te a Protected Structure 

If lightning strikes the protected structure itself, 
and the grounding resistance is so low that a gap 
operation does not take place, the insulator at the 
adjacent unprotected structure is not subjected to 
the surge; but if a gap operation does take place, 
then the conditions following the gap operation are 
the same as in the Proyious case, and the analysis is 
identical. 


(3). Stroke fo a Line Conductor at an Unprotected 
Structure 


The shape of the resulting surge at the stricken 
point depends upon the point at which the stroke 
occurs; but for estimating purposes it is sufficient to 
assume the stricken point to be at some unprotected 
structure midway between protected structures. The 
problem is then identical to the case of midspan flash- 
overs of ground wires, except that flashover occurs 
across the insulators at the unprotected structure 
instead of between conductors out on the span. The 
crest factors and time factors are then found from 
Fics. 12 and 13 respectively, taking the equivalent 
“span” as the distance between protected structures. 

Consider the line given in the example in the pre- 
ceding Case (1). The effective resistance is K= 154, 


since the stroke occurs to a line conductor and there is 
no expulsion gap at the unprotected structure to 
ground it. Again, there is no coupling with the steel 
tower. (Wood-pole construction would have entailed 
flashover of two insulator strings and a wood cross- 
arm to a neighboring conductor, and would therefore 
have involved the coupling between conductors.) The 
factors in this case are given in Table VI. 


TABLE VI 


Spans (500 ft) between gaps 
“Equivalent Span’’ in Fics. 

PZanGus ei se ee 
Crest factor, Fie: 12... .... a 0.49 
Time factor, Fie. 13........ ; bees 
Insulator flashover........ V 950 
Lightning current........ i 
Percentage flashovers..... 


(4). Stroke to an Unprotected Structure 


If the stroke takes place to an unprotected struc- 


ture, insulator flashover will follow if the lightning 
current exceeds the value [= V/R’ where V is the full- 
wave flashover voltage of the insulator. and R’ the 
effective resistance. Thus, for 8-disk insulators, the 


full-wave flashover voltage is V=780 kv; and if the: 


tower-footing resistance is 40 ohms, R’=36 ohms and 
I =21,600. Hence 55 per cent of the strokes would 
cause a flashover. More likely, the footing resistances 
at the unprotected structure would be much higher 
than 40 ohms and the majority of the strokes would 
cause flashover. 


Protective Level of the Line ea 

If there are N spans between protected structures, 
and the percentage insulator flashovers for strokes to 
the line conductor at protected and unprotected struc- 


tures are P; and P2, respectively, the correlated per- 


Gothberg and Brooks have proposed®) to install 
expulsion gaps on the top conductors only, so that 
when the expulsion gap operates it converts the top 
conductor into a quasi-ground wire with respect to 


the other conductors and thereby protects them. Of 


course, low tower-footing resistances are absolutely 


necessary in such an application, and the gaps must 


be installed on every structure. The cost of obtaining 


the necessary low tower-footing resistances May be.. 
more than that of installing the gaps on all three con. — 
ductors, the latter application of course not requirin g 


low grounding resistance. 


FLASHOVERS ON LINES 


Fic. 21 shows a comparison of expected flashovers 
for different structure arrangements, assuming a 139. 
kv line with a normal insulation of 9 standard disks 19 
inches in diameter and spaced 534 in. apart in the 
string, 750-ft spans, 15-ft midspan clearance, and 30 
ohms footing resistance. The flashover expectancy was 
calculated in each case by means of Equation (1), 


assuming a 2-microsecond lightning wavefront, and 


neglecting the normal-frequency correction e¢ since it 
has been shown elsewhere that this is of no importance 
except in influencing the order of flashover of the 
several conductors. 


I. Wood-pole Line Without Ground Wires 

Lightning is assumed to strike phase A, and flash- 
over to take place over the wood crossarm (10 ft) and 
over the insulator of phase B. The effective resistance 
by Equation (2) is R’=154 ohms, and the coupling 
between A and B by Equation (5) is 0.25. Since there 
will be no reflections from adjacent structures prior to 
flashover at the stricken point, the flashover voltage 
is to be taken on the 1.540 full wave, and for 18 


6. Steel-tower Line Without Ground Wires 

In this case the initial flashover is from the stricken 
conductor A to the tower. The effective resistance is 
R’ =154 ohms, but there is no coupling between A and 
the tower. 

After A has flashed to the tower, the effective re- 


A: ‘sistance becomes R’=25 (since the tower-footing re- 
sistance R=380 is then involved) and the coupling 


becomes 0.25. ue | 
Jt is seen.that in the case of a steel-tower line (or 
wood poles with grounded hardware, or down-leads) 


; practically all strokes will cause a phase-to-ground 
fault: The number of multiple-phase faults will depend 


on the tower-footing resistance. If it is kept low, the 
phase-to-phase flashovers can be substantially re- 


duced. In fact, just as soon as phase A flashes over to 


the tower, it thereafter acts as a quasi-ground wire 


‘ with respect to the other conductors; although not 


quité as efficiently, because it can not depend upon 
reflections from adjacent towers. to reduce the voltage 


at the stricken point (there is zero coupling at 
adjacent towers). 


Many systems are capable of retaining stahility 


| with a line-to-ground fault, but are unable to with- 
stand a two- or three-phase fault. For this reason, 


“R230 R= 30% 


grounding the hardware may greatly increase reli- 
ability as well as prevent some crossarm splitting. 

A Petersen coil will prove very effective in a case of. 
this kind, if the tower-footing resistance is kept low 
enough to prevent multiple-phase flashovers; for it will 
adequately clear a line-to-ground fault and thus pre- 
vent a system outage. 

Also, in the case of triangular arrangement of 
conductors, with the apex on top, much can be ac- 
complished with expulsion gaps on the top cqnductor 


only, because the top conductor is the most likely to 


be struck; and if the footing resistances are low 


enough to prevent multiple-phase flashover, the 


expulsion gap will prevent system outages. The top 
conductor in this case again acts as a quasi-ground 
wire with respect to the other conductors. Gap 
operations may take place at adjacent towers, and the 
stricken tower will then benefit from the reflections. 


ill. Steel Tower with Ground Wires 

The insulator flashover voltage is now higher, since 
the wave at the stricken tower is shortened by re- 
flections. Midspanflashovers are estimated by means of 
Fic. 14, and the total flashovers taken as half the sum 
of the percentage insulator and midspan flashovers. 


R= 30 


R230 


Fig. 21. Comparison of expected flashovers for different structural arrangements. 
See also Table VIII 


centage flashovers is given by insulator units and 10 ft of wood is about 2600 ky. TABLE VII 
Hence, by Equation (1), the lightning current suffi- 
od, [Pit+P: (N—1)] cient to cause flashover is 22,500 amp, and by Fic. i : 3 | PER CENT FLASHOVERS TYPE OF FAULT _ 
: 3 3 2 i Flash- S : 
N : this corresponds to 52 per cent flashovers. ; a | See ees Se Crest Tene oes urrent ee |e 3g | Double 
Thus, for the example considered in the preceding The possibility of a subsequent flashover to phase C ; a aaa bees See | CE OT ap Astor | Jepaa : pee 
Gases (1) and (8), the values are those given in ust next beconsidered. There are now twoconductors, i aa ee oe eee 7 | | 
Table VII. | BAIS 22 parallel with an effective impedance, by — | : 3 154 |= 0.25 | 1.00 | —— | 2600 | 22,600) 52° | —— | 52 0 8 | 
TABLE VII Fig. 2, of R’= 118 ohms, anda coupling factor of 0.40. . C 113° 1 0:40 | 1-00"). --——~ | 1860: "| 27,5001. 44 — | 44 44 Hl 
. But flashover now involves one insulator string and 10 : ities | Gos | Se eee ee | AE ease cL lene | 
Spans between cane ea eae : A 154 |° 0.00 | 1.00 | — | 860 | 5,600 88 me oe 66 a 
ey hee Zaps...... ft of wood with a total of 1860 kv. The lightning cur- j ao TT B 25 | 0.25 | 1.00 | —— | 860 | 46,000] 22 22 8 iy i 
oes ‘S Figs ae aes rent sufficient to cause flashover is 27,500 amp, and : Cas 24 | 0.40 | 1.00 | —— | 860 | 60,000} 14 ee Os) ar oe ee ear a 
Weeraced dathavers by Fic. 1 this corresponds to 44 per cent flashovers. | A 25 | 0.25 | 0.96 | 3.7 960 58,300 17 4 i 4 : i) 
oS stroke ge ed mall ee a : ce : | iil B ger eye owe eee 37000 | & 0 4 4 i 
: : ; | ii 
This tabulation shows that, even for tower-footing we ee ipa ewe Oe Helglys ees oS | A 154 0.00 1.00 — 860 5,600 | 88 a 88 66 55 il 
resistances as low as 40 ohms, the effectiveness of °°PO7A'@1Y 10 Uis Case. | ee lV | A’ 25 | 0.25.) 1.00 | —— | 860 | 45,800 a Pe ae 14 a 
j ‘ The total flashovers are therefore the same as B 24 0.40 | 1.00 | — 860 | 59,800 
expulsion gaps rapidly decreases as the distance thoweh all cnrokes he at pole and wheeeeaall B' 23 0.50 | 1.00 | — 860 | 74,800 | 10 oe 10 
bemweg wprocted Severe ae greased eee practically always involve all three alee: Further- A 25 0.25 | 0.96 | 3.7 960 | 53,300 | 17 4 11 4 | 
tected structures can be justified only in cases where: Sepa | | A’ 24 0.40 | 0.96 | 3.7 960 | 69,500 | 11 2 7 i. 
more, the surge is not relieved, but will either flash over V B 23 0.50 | 0.96 3.7 960 87,000 8 0 ; 4 : 1 
(a). The spans are short. the pole or travel on to the station where it may B’ 22 |_ 0.57 | 0.96 | 3.7 960 |105,500 | 5 0 | i) 
(6). The ground resistances are low. endanger apparatus unless special precautions ar A 25 0.25 | 0.96 | 3.7 860 | 47,800 | 20 4 2 4 Fs 1 
(c). The insulation is high. taken to protect the station. : ! ‘VI A a bee nee a 560 78°00 9 0 5 3 2 ii 
: ie. 2 j ° VU. | i 
On lines with triangular configuration of the (21)“Lightning Protection for Transmission Lines,” by A. W. Gothberg A’ 22 0.57 | 0.96 | 3.7 | 1070 | 118,000 4 ) 2 | | 
ductors Bn d= on double-circuit £6 ij and A. S. Brooks, Electrical Engineering, vol. 56, no. 1, January 1937, db ae RNS Le tee iM Pare Aeon ene Meg tMabiee net Mrisenest Renae fratcee tema cSinaei) NWN er teams Ati PS SO aN Ra ee 
con 5 , wer lines, pp. 13-16. | | 
| | 


If the footing resistances are kept low, the per- 


centage flashovers can be practically reduced to those | 


occurring at midspan. 


IV. Double-circuit Line Without Ground Wires 

Each circuit is assumed to have the same number of 
insulator units. On an average, about 20 per cent of 
the flashovers involve both circuits. Although not in- 
cluded in these computations, the normal-frequency 
voltage has a very pronounced effect in determining 
the order of flashover. Thus if the voltage of phase A 
is such that it is the first to flash over, then its mate A’ 
of the other circuit will be the next to flash over. The 
situation is somewhat modified by small differences in 
coupling. — 


V. Double-circuit Line with Ground Wires 

The flashovers can be practically restricted to mid- 
span by keeping the footing resistances down. For 
moderate values of footing resistance, the bulk of the 
flashovers will involve only one phase; but here again, 
the next phase to flash over will belong to the other 
circuit. 

Vi. Double-circuit Line with Ground Wire and Differ- 
ential insulation : 

The instantaneous normal-frequency voltage deter- 
mines which insulator will flash over, other things 
being equal. McEachron has pointed out that if the 
insulation of one circuit exceeds that of the other 
circuit by an amount equal to twice the crest value of 
the normal-frequency voltage, all three phases of the 
circuit of reduced insulation are certain to flash over 
before the other circuit becomes involved. Theoreti- 
cally, an insulation differential greater than 1.7 3 
times normal crest voltage should be sufficient, but to 
allow for differences in coupling between the con- 
ductors it is advisable to allow for an insulation differ- 
ential of at least two times. On a 132-kv circuit this 
requires at least two disks differential. Accordingly, in 
this example one circuit is assumed insulated with 8 


units and the other circuit with 10 units, the total. 


number of insulators being the same as in Case V 
that has just been considered. The total flashovers 
exceed those in Case V, but the differential insulation 
_ has restricted them to one circuit. 

This scheme of differential insulation has been used 
by the Pennsylvania Water and Power Company, and 
also in connection with the application of expulsion 
gaps to one of two circuits on the same tower. Expul- 
sion gaps must be used in combination with a ground 
Wire in such an application, and of course some 
outages due to midspan flashovers may occur on the 
unprotected circuit, unless the unprotected circuit has 
greater midspan clearance with respect to the ground 
wire than the protected circuit. 

It will be noticed that the dominating influence in 
preventing the spread of flashovers to the more 
highly insulated. circuit is the great increase. in the 
coupling, as additional conductors become involved. 
It is clear thatasmall reduction in tower-footing resist- 
ance would make differential insulation unnecessary. 


FREQUENCY WITH WHICH A LINE IS: STRUCK 
BY LIGHTNING | ) 

This study has been restricted to determining the 
number of flashovers as a percentage of the number of 
times that the line is struck by lightning. No attempt 
has been made to predict the actual number of strokes 


to the line. Estimates based upon storm-severity 


charts appear to be not very conclusive, because local 


topography, storm routes, and line exposure. are... 
difficult to evaluate. It is believed that .the best — 


procedure is to compute the percentage. of outages 


by the methods described in this article, and then by 
comparing with the operating record of that line 


determine the number of times that the line was hit. 


For example, suppose that a new line is contemplated BS 


Fig. 22. Comparison of protective schemes for protection 
of a transmission line. See also Table IX 


and it is desired to know how many times it will be 
hit. If there is an existing line in the same territory, 


and if this line is known to suffer an average of 1.2 , 


flashovers per circuit mile per year, and the calculated 
flashovers are 14 per cent, the number of hits per 
circuit mile per year is 1.2/0.14=8.5. 


TYPICAL EXAMPLE OF PROTECTIVE 
METHODS 
As a typical example of the efficacy of different 
methods of line protection, consider a 132-kv wood- 
pole line with 750-ft spans, normal insulation of 9 


units, and horizontal configuration on H-frame con- 


struction with 10-ft spacing between conductors, 
Fic. 22. The degree of protection which can be 
realized depends upon the footing resistance. The 
different possibilities will therefore be compared for 
footing resistances of R=10, 20, 40, and 80 ohms. 
The following cases will be considered: . 


(A). No protection of any kind. 

(B). Down-leads on poles. 

(C). Petersen coil and’ down-leads on poles. 
(D). Expulsion gaps and down-leads on poles. 
(EZ). Two ground wires (one on each pole). 


i 
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“4 eed TABLE IX 
eee 


FOOTING RESISTANCE 


/ Case Protection 7 Eope.ot a es ms ne Remarks 
ie eee i og he 
— B Down-leads on poles Pees us 5 Be ; 6 . of a 
| Rg oh tio gece | ft eg | me 
E Ground wires Line-to-ground ; 2 3 


Phase-to-phase 


) Sy 


The estimated percentage line-to-ground and phase- 


_ to-phase lightning flashovers for these cases as cal- 


culated by the theoretical methods of this article are 


"given in the body of Table IX. This tabulation clearly 
| “shows the theoretical dependence of down-leads, 


ground wires, and Petersen coils on low footing re- 


sistances. The higher the footing resistances, the 


greater the tendency for the flashovers to spread to 


~more than one phase. The double ground wire is some- 


what more effective than the Petersen coil because of 
the greater coupling of two ground wires. On the 
other hand, the Petersen coil would save many outages 
due to birds or flying brush. Some insulator burning 


-and crossarm splitting is to be expected in any case. 


To prevent the latter the hardware could be grounded, 


but then the extra insulation of the wood crossarm 
would be lost. 

Expulsion gaps have a calculated performance 
(assuming perfect gap operations) as good as ground 
wires with low footing resistance, and are better at 
the higher footing resistances. In the case of expul-_ 
sion gaps, low tower-footing resistance is not so 
essential. 

Properly designed ground wires limit the dis- 
turbance to the immediate vicinity of the stricken 
point, whereas other methods of protection allow 
surges to travel to the station. It is therefore necessary 
to be more particular about station protection if other 
methods than ground wires are being depended upon 
for line protection. 


Protection of Transmission Lines Against 
Lightning: Operating Practice and Experience 


PART |: OVERHEAD GROUND WIRES AND TOWER-FOOTING RESISTANCE 


By DR. W. W. LEWIS ‘ 


Central Station Department, General Electric Company 


N arecent article Bewley presented a theoretical 
analysis of the protection of transmission lines 
from the effects of lightning. 

The theory of such protection is very difficult to 
check by operating experience, for several reasons. In 
the first place, lightning and its effects on a particular 
transmission line are usually quite variable and erratic 
from year to year. The number of storms varies, 
also their intensity and their point of application to 
the transmission line. Furthermore, it is probable 
that the voltage, current, and wave shape, involved in 
the lightning strokes, vary through wide limits. 
Another reason for the difficulty in checking the 
theory is that very few transmission companies 
obtain data on individual occurrences in the detail 
necessary to make possible a comparison between what 
- actually happened and what would have been expected 
to happen theoretically. 

Nevertheless, a number of power companies have 
done a very creditable and persistent job in studying 
the effects of lightning on their lines; and from the 
data accumulated it is possible to get some idea of 
the behavior of lines under various conditions and 
some idea of the effectiveness of various protective 
means. 

There are two ways of analyzing the available data: 
One is by examining the mass statistics accumulated 
over a period of years and the other is by analyzing 
the data on individual occurrences. Both methods 
will be used in this article. | 


OVERHEAD GROUND WIRES AND TOWER- 
FOOTING RESISTANCE 


Tripouts on Lines with and without Ground Wires 

In Table I are listed a number of the transmission 
lines which are in eastern United States and have 
voltages ranging from 66 to 220 kv. These are all steel- 
tower lines, the first six being of the single-circuit 
horizontal arrangement, and the remaining three of 
the double-circuit vertical arrangement. Data are 
given in the table for the line insulation and arrange- 
ment of conductors and overhead ground wires. 


The first system listed, the Wallenpaupack- 
Siegfried line of the Pennsylvania Power and Light 
Company, is 64.7 mi long, of which 27.8 mi are 


(1)‘*Protection of Transmission Lines Against Lightning: Theory and 
Calculations,’’ Parts I and II, by L. V. Bewley, GENERAL ELEcTRIC REVIEW, 
vol. 40, nos. 4 and 5, April and May 1937, pp. 180-188 and 236-241. 


equipped with two overhead ground wires and 36.9 mi — 
have no overhead ground wires. The insulation and 
arrangement of conductors on the section without — 


overhead ground wires is the same as for the section 
with such wires. 


In Table II are listed the same nine transmission 
lines as in Table I together with the tripouts on 
each over a period of years. For system No. (1) 
separate data are given for the section without over- 
head ground wires and for that with ground wires: The 
conclusion from this table is that the section of line 


without overhead ground wires is subject to a vastly - 


greater number of tripouts per 100 mi per year than 
the lines with overhead ground wires; and that in the 
latter classification there is a wide variation, possibly 
influenced by the amount of insulation, the tower- 
footing grounding conditions, and by the severity and 
frequency of storms. 


It will be useful to examine one of these lines on 
which there is information in detail,- namely the 
Wallenpaupack-Siegfried overhead-ground-wire sec- 
tion.*) This line was placed in operation in 1926 
without overhead ground wires. In 1927 two conven- 
tional ground wires were installed over approx- 


imately 19.5 mi at the Wallenpaupack end and: 


approximately five miles at the Siegfried end. 
In 1929, 2.6 mi of line over High Knob were 
equipped with continuous tower-to-tower counterpoise 


or buried ground cable (Fic. 1). In 1930 the remainder © 
of the overhead-ground-wire section at the Wallen- 


paupack end (16.9 mi) was equipped with four buried 
ground cables, extending 50 ft diagonally from each 
corner of the tower (Fic. 2a). In 1936, at 24 towers 


with footing resistance greater than 40 ohms, one of © 


the radial wires was extended parallel with the direc- 
tion of the transmission line, making a total length 
from the tower of 250 ft (Fic. 20). 

In 1930, especially high overhead ground wires were 
installed over a 3.8-mi section. These wires are sup- 
ported on 35-ft wood poles set on the tops of the 
towers and insulated from the towers but grounded 
through guy wires. The guy wires in turn are con- 
nected to the tower footings by buried ground cables. 
These special overhead wires are sometimes referred to 
as lightning-stroke diverting cables. 


()‘‘Lightning Investigation on a 220-kv System—II,”’ by E. Bell, 
Electrical Engineering, vol. 55, no. 12, December 1936, pp. 1306-1313. 


TABLE I 
DATA QN TYPICAL TRANSMISSION LINES WITH OVERHEAD GROUND WIRES 


Height of 


o : Distance Distance 
No. of No. of Ground Wires Between Between 
C a Li No. fact bove : 
: eas Rv | oes | Taguetor | Ground | conductors | Outage | Gamund 
i (f) (Et) (ft) 
(1). Pennsylvania Power and Light Co. 
- Wallenpaupack—Siegfried 
_ (a). Without overhead ground wires} 220 36.9 14-16 0 Se 45.3 Ae 
(6). With overhead ground wires... 220 27.8(4) 14-16 2 10.5-11.5 45.3 22.5 
(2). Public Service Gas and Electric Co. 
‘Bushkill—Roseland:, ..5....00..600.. 220 46 16-18 2). 18 57 28.5 
(3). Pénnsylvania Power and Light Co. 
Philadelphia Electric Co. 
Siegfried—Plymouth 
(P. P. and L: Section).......... 220 49 14 2 13 52.5 28 
Phila .-El:-Section) =<. 2.35003. 220 16 2 16 51 25.5 
(4). Philadelphia Electric Co. 
' -.. Conowingo-Plymouth (No. 1)....... 220 57 14 2 16 51 25.5 
Conowingo—Plymouth (No. 38)....... 220 57 14 2 16 51 25.5 
(5). Public Service Gas and Electric Co. 
Roseland—Plymouth. ..:........... 220 72 16-18 2 18 57 28.5 
_ (6). Pennsylvania Water and Power Co. 
eae Safe Harbor—Westport............. 220 70 200) 2 26 56.5 42.25 
(7). Philadelphia Electric Co. 
Philadelphia—Chester@)............. 66 14 8 (0) 2 11 "17.25 17.25 
(8). New York Power and Light Co. 
Greenbush—Pleasant Valley()........ 110 64 11 2 8.3 28 22 
(9). New York Power and Light Co. 
New York Edison Co. 
Pleasant Valley-Millwood()....... 132 40.5 12 2 11.75 30.5 36 
eae specie peibaeg ovgh Danae deen! diverting cables (approximately 35 ft above conductors). 
(c) Double-circuit vertical; other lines single-circuit horizontal arrangement. 
TABLE II: TRIPOUTS ON TRANSMISSION LINES OF TABLE I 
DATA UP TO.AND INCLUDING 1935 
Ave. Length | _ Footi Tripo 
Line Name “of Span : Renctaiwe Miles Tripouts Years "700 ee 
(ft) (ohms) per year 
(1a). Wallenpaupack-Siegfried ; 
(Without overhead ground wires).......... 1100 5-325 36.9 138(@) 8 47 
(1b). Wallenpaupack-Siegfried. 1-1.5() 
(With overhead ground wires)............ 1100 5-75 (c) 27.8 6(a) 8 2.8 
2) ee Bushkill—Roseland):. o.oo. de ccs le ceiee ee 1150 5-300 47 4(a) 4 2.1 
(3) =. siepiried—Plymouth........ 6.6080 ss woes nces 1270 5-60 * =: 49 6 8 Io 
(4). Conowingo-Plymouth (No. 1)............05. 1170 5-100 57 8 8 1.8 
Conowingo—Plymouth (No. 3)............... 1170 5-100 57 8 8 1.8 
ee atcoscland—Plymouth .:<ss06sc sects oe be cee 1050 5-100 72 9 5 2.5 
(6). Safe Harbor—Westport............02eecee: 1050 2-85 70 1 4 0.4 
- (7). Philadelphia—Chester.............. Sapa eacats 480 Below 5 14 1 18 0.4 
ohms 
(S)= -Greenbush—Pleasant Valley....-.........:.- 735 1+175(4) 64 7 4 (2.74 
(9). Pleasant Valley—Millwood...............6. 620 5-800(4) 40.5 4 4 2.47 
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_. (a)The locations of faults causing 53 tripouts on lines (1a), (1b), and (2) were not known definitely, but these have been assigned to section with or 
without ground wires in accordance with correlated information. 
b)Section with continuous counterpoise. 
¢)Section with radial counterpoise. 
Before ground rods were installed, 
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In 1931 the towers in the overhead-ground-wire 
section at the Siegfried end (about 4.6 mi) were 
equipped with four 50-ft diagonal ground cables. 

In Table III are given the locations of the flashovers 
which caused tripout on the Wallenpaupack -Siegfried 
line, segregated with respect to the overhead-ground- 
wire construction and method of grounding, for the 
ten years from 1926 to 1935, inclusive. Of the 112 
faults whose locations are known, 108 occurred on the 


section of line without overhead ground wires and 
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tower counterpoise 


150 ohms, while the combined footings and counter- 
poise measured 5 to 75 ohms. 
The 179 tripouts listed in Table II for the 220-ky 


systems, No. (1) to (5) inclusive, have been re- i. 


tabulated in Table IV in accordance with the number 
of phases involved. It will be noted that single-phase 
faults predominate and that the percentages of 1-, 2-, 

Line 7 
direction 


Fig. 2(a). Symmetrical 


250 ft 
counterpoise 


Line 


direction » 


Bracket for 
magnetic links 


tower is raised in potential above the conductors by 
the product of the tower current and the tower-footing 


resistance (neglecting the coupling between ground 
wire and conductors and the normal-frequency volt- 
age on the line). If the product exceeds the strength 
of the insulation for the particular wave in question, 
then insulator flashover will take place. In Table V 
are summarized fifteen records of tower current ex- 


-. “eeeding 30,000 amp obtained on the Wallenpaupack- 


Siegfried line during the years 1933 to 1935, inclusive. 
It will be noted that the five cases of flashover 


occurred on the section without overhead ground wire, 
and that the product of current and resistance in all 
but one of these cases exceeded 1500 kv. The assigned 
flashover voltages for this line with standard test 
waves is as follows: , 

14 units 1.540 positive wave 1265 kv 

14 units 1X5 positive wave 1565 kv 

16 units 1.540 positive wave 1425 kv 

16 units 15 positive wave 1775 kv 

The Glenlyn-Roanoke line of the Appalachian 

Electric Power Company is a double-circuit line, 


; TABLE III : 7 
LOCATIONS OF FLASHOVERS CAUSING TRIPOUTS ON WALLENPAUPACK-— 
SIEGFRIED 220-KV LINE TABULATED WITH RESPECT TO OVERHEAD- 
GROUND-WIRE CONSTRUCTION AND METHOD OF GROUNDING 


OVERHEAD GROUND WIRES 


: No Overhead 
: L 
veer Unknown | Ground Standard | Tower-to- | Radial ae 
Grounding(a) Count os Siae Counterpoise 

POZGixsercwent crete: 15 15 
VOD TRESS ou choles 3 4 0 7 
O28 ee ER oes 11 2 1 14° 
1900.0 2 eee 27 10 1 0 38 
1 O30 Gea en 9 14 1 0 ) 24 
TOS aye aac sae 0 20 0 0 20 
NOS Oe eee eer 1 8 ) 1 10 
LOSoir wees 2 1s 0 0 15 
NOS SoS con coktceekass 1 ie 0 0 12 
LOS BRR Scie 2 11 0 0 13 

Total... 560) ~ 108 3 ) 1 168 

Miles() . 36.9 2.6 25.2(2) 64.7 


b 


$ After the latter part of 1930 this section was equipped with radial counterpoise wires. eG 
This necessarily includes unknown locations on the Bushkill-Roseland line, the probable number of which is 2. 


9 Present mileage of each item. This mileage has changed from time to time as construction has been changed. 
) : 


Includes diverter cable section (3.8 mi). 


TABLE IV 
NUMBER OF PHASES INVOLVED IN TRIPOUTS ON 220-KV SYSTEMS NO. 1 TO 5 (INCLUSIVE) OF TABLE II 


NITE EEE EEF 


Sohn WITHOUT OVERHEAD GROUND WIRES : WITH OVERHEAD GROUND WIRES | 
& ¢ ae 1-ph Ny Total h h hase Be a | 
a) SN -phase 2-phase 3-phase Known ota 1-phase 2-phase 3-phase nan otal | 
Fig. 1. Arrangement of Tower-to-tower counterpoise on Br acket for : | 
Wallenpaupack-Siegfried 220-kv line magnetic links | HO OSH 2 0 0 11 13 2 4 0 0 6 WW 
? Fig. 2(b). Unsymmetrical O00), 5 ee re 7 1 2 27 37 0 0 1 4 5 | 
four on the overhead-ground-wire section. In seven Figs: sashes tae | aa othe OL wires on Wallen- | ca, ee ae 11 2 1 23 4 0 0 2 6 
: A paup g 220-kv line 
years the section with tower-to-tower counterpoise 9 1 | 
ie : egkees : : : Bhs OS Bee ae eee 18 2 0 2 1 1 5 
had no flashovers. It is interesting to know thatin the and 3-phase faults for the sections with and without : 
same section in the years 1926, 1927, and 1928, before overhead ground wires do not differ widely. 2), 96 6h RR epee ines 8 0 0 9 4 0 0 5 9 | 
‘ the counterpoise was installed, there was a total of 29 | OE. 5 Go eee eee ee 9 2 2 15 3 0 0 1 4 i 
flashovers. It is also interesting to note that only one Influence of Footing Resistance on Flashovers | : | 
tripout due to flashover in the radial counterpoise ‘If a stroke makes contact with a conductor, then it ge et , : e = : ’ : : | 
section has occurred in six years. is agreed in general that only a small current is re- MOS OM ee a 6 1 2 14 1 0 0 0 1 | 
Tower-footing Tesistances in the tower-to-tower quired to build up the necessary potential to cause Me es ee 70 10 7 5 142 17 5 ON 13 37 } 
counterpoise section which measured 50 to 150 ohms _ flashover and that the tower-footing resistance does Bercentiy cn. .s kei. ss 49 7 25 3 100 46 14 5 35 100 | 
for footings alone, measured 1 to 1.5 ohms for the not play a part in the initial flashover. However, if the BEMCENt@) 550 eee tas 81 11 8 71 21 8 


combined footings and counterpoise. In the radial 
counterpoise section the footings alone measured 10 to 


stroke makes contact with the overhead ground wire or 
tower, then’the footing resistance is important. The 


(a) Excluding unknown phases. 


approximately 65 mi long, with one overhead ground 
wire at the peak of the towers, and counterpoises, 
where used, arranged as in Fiac. 3. It is not possible 
from the measuring equipment on this line to locate 
the point of flashover as definitely as on the Wallen- 
paupack-Siegfried line. 
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Fig. 3. Arrangement of counterpoise wires on Glenlyn—Roanoke 
132-kv line 


each of the 51 strokes, were of the following ranges: 


Kv Range Number 
40-— 200 13 
201— 800 23 
801-1000 5 

1001-4200 “LO 
Total 51 


In 15 of the 51 cases, the tower potential was of 
sufficient magnitude to be in the flashover range. In 


13 of the 15 cases a possible correlating tripout was x 


reported. There were three other tripouts which may 


have correlated with tower potentials lower than the 


assigned flashover voltages. 
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Fig. 4. Lightning flashover record of Victoria Falls and Transvaal 
Power Company’s 132-kv lines, 1926-1933, inclusive 


TABLE V 


RELATION BETWEEN TOWER VOLTAGE AND FLASHOVERS 
WALLENPAUPACK-SIEGFRIED LINES 


Overhead | Footing Current in Product 
Item Tower Number Ground | Resistance} Tower Legs IXR Flashover Year 
; Wire (ohms) (amp) (kv) 
1) WT 8-5 Yes if 40,000 280 No 1933 
2 WT 8-4 Yes 8 35,000 280 No 1933 
(3) SR 2-4 Yes 10 36,000 360 No 1933 
(4) SR 2-1 Yes 15 38,000 570 No 1933 
(5) SR 4-4 Yes 19 35,000 665 No 1933 
(6) WT 12-3 Yes 1.4 38,700 54 No 1934 
(7) SR 2-2 Yes 15 30,000 450 No 1934 
(8) SR 212 No 20 42,000 840 No 1933 
(9 SR 33-2 No 18 30,800 555 No 1933 
(10) SR 8-4 No 20 49,000 980 No 1934 
(11) SR 31-3 No 34 51,000 1730 Yes 1933 
(12) SR 19-3 No 45 40,000 1800 Yes 1933 
(13) WT 27-6 No 58 36,000 2100 Yes 1933 
(14) SR 18-1 No 28 30,000 840 Yes 1934 
(15) SR 9-4 No 28 54,000 1510 Yes 1935 


The Glenlyn—Roanoke line is insulated with 10 
units, spaced 434 in. apart, with flashover voltage 
approximately as follows: 


1.540 positive wave 820 kv 
1X5 positive wave 970 kv 


In 1934 there were 51 lightning strokes to this line. 
The tower potentials—that is, the products of tower 
currents and tower-footing resistances—for the towers 
which appeared to be the center of disturbance in 
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In 1935 there were 32 strokes to the Glenlyn- 
Roanoke line. The potentials of the towers which were 
the apparent center of disturbance may be grouped as 
follows (excluding three cases in which the tower cur- 
rent was classified as a trace): 


Kv Range Number 
20— 200 6 
201-— 800 17 
801-1000 0 
1001-2610 6 
Total 29 


ms 
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Rae a oe) Le) 
~—y 
> S j _ 


Kf 


eRe ae ns eee SS A 


b 3 


Of the 29 strokes there were six cases in which the 
tower potential was of the order of the insulator flash- 
over and six tripouts due to lightning occurred on this 
line during the period of measurement. 


Shielding Efficiency of Overhead Ground Wire 
Zubair®) has made an analysis of the efficiency of a 


single overhead ground wire on a double-circuit tower 
‘line. In the case of the Victoria Falls and Transvaal 
Power Company’s 132-kv line, data obtained over a 
- period of eight years is summarized in Table VI. These 


TABLE VI 


SUMMARY OF FAULTED TOWERS AND FOOTING 
RESISTANCE 


Victoria Falls and Transvaal Power Company’s 132-kv Lines, 
1926-33 inclusive 


NUMBER OF FAULTED TOWERS 


Tower- Total 
cone Noe Single Double 
S Bonen Tewets cise circuit Total 

0-5 87 if 0 ic 
5-10 86 14 3 17 

10-15 64 3 6 39 

15-20 49 12% 6 18 

20-25 23 5 4 9 

25-30 16 2 5 7 

30-35 9 4 4 8 

35-40 PAS 2 3 5 

40-45 2 0 0 0 

45-50 3 3 0 3 

50-55 1 0 iL 1 

55-60 uf 1 0 1 

60-65 0 

65-70 0 

70-75 2 2 0 2 
Totals 351 55 32 87 


data are plotted in Fic. 4 with faults per tower as 
ordinates and tower-footing resistance as abscissas. 


- Both the curve for double-circuit faults and the curve 


for single-circuit faults show an increase in faults per 
tower with increase in footing resistance, but the 
curve for single-circuit faults does not pass through 
zero ordinate. Zubair separates this curve into two 
components, one which passes through zero and 
which shows the faults dependent on footing resist- 
ance, and the other a horizontal component which is 
at ordinate 0.08 and which shows the faults inde- 


- pendent of footing resistance. The latter are taken to 


represent the faults caused by strokes to the power 
conductor (possibly some of them might have been 
caused by midspan flashover between ground wire 
and conductor). The other component of single-circuit 
faults, which is dependent on resistance, represents 
faults to the tower or overhead ground wire. Likewise, 
the double-circuit faults are assumed to be caused by 
strokes to tower or overhead ground wire. From this 
analysis he deduces the efficiency of the overhead 
ground wire, as a means for shielding the conductors, 


ou —— =0.68, in which 87 equals the total 


as equal to 


(3)Discussion by §. M. Zubair, Electrical Engineering, vol. 55, no. 3, 
March 1936, pp. 277-279. 


number of faulted towers and 28 equals the number of 
faults terminating on power conductors. 

Table VII shows the data on faulted towers for the 
Glenlyn-Roanoke 132-kv line of the Appalachian 
Electric Power Company, for seven years. This is a 
double-circuit line with one overhead ground wire. 
The data are plotted in terms of flashover per tower 
against tower-footing resistance in Fic. 5. A similar 
analysis of these data shows a ground-wire efficiency 
of 0.77 for this line. 


TABLE VII 


SUMMARY OF FLASHED TOWERS AND FOOTING 
RESISTANCE 
Glenlyn—Roanoke 132-kv Line, 1927-33, inclusive 


NUMBER OF FAULTED TOWERS 


Tower- Total 
footing Number 
Resistance of Single- Double- 
hms) Towers circuit circuit Total 
0-5 26 3 1 4 
5-10 52 12 3 15 
10-20 Le 21 5 26 
20-30 34 14 4, 18 
30-40 19 10 4 14 
40-50 11 fb 2 9 
50-60 12 6 6 12 
60-70. 5 6 2 8 
70-80 4 2 2 4 
80-100 6 3 2 5 
100-150 11 13 5 18 
150-200 8 7 6 13 
Over 200 5 6 1 7 
Totals . 270 110 43 153 
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Lightning Flashover Record of Glenlyn-Roanoke 
132-kv line, 1927-1933, inclusive 


Fig. 5. 


In Table VIII is shown a summary of flashover 
data for the Wallenpaupack-Siegfried 220-kv line. 
This is a single-circuit horizontal line, equipped with 
two ground wires over a portion of the line and with- 
out ground wires for the remainder of the line. In 
Fic. 6 are plotted two curves, one for each section, 
with flashover per tower as ordinates and tower- 


footing resistance as abscissas. From these curves it » 


would appear that the flashovers on the ground-wire 
section increase with increase in resistance, while on 
the section without overhead ground wire the flash- 
overs are independent of the resistance. This analysis 


would indicate that the majority of strokes during © 


this period on the section without overhead ground 
wires made contact with the conductors, while on the 
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TABLE VIII 
SUMMARY OF FLASHED TOWERS AND FOOTING 
RESISTANCE s 
Wallenpaupack-Siegfried 220-kv Line, 1929-33, inclusive 


SECTION WITHOUT 
GROUND WIRE 


SECTION WITH 
GROUND WIRE 


Tower- 
footing Total Number Total Number 
Resistance Number of Number of 
ms) of Flashed of Flashed 
Towers Towers Towers Towers 
0-10 31 0 14 14 
10-20 40 5 50 57 
20-30 22 1 34 44 
30-40 22 2 24 20 
40-50 9 1 16 16 
50-60 1Gt 1 9 10 
60-70 1 1 2 3 
70-80 r/ 0 2 3 
80-100 1 1 11 13 
100-150 1 1 2 4 
Over 150 0 0 ff 8 
Totals 140 13 Aa 192 
Ratio 9.28 per 100 Ratio 112 per 100 
towers towers 
012 «(1.2 
010 1.0 
« 
5 008 08 
fz 3 
n40.06 $0.6 
sss 
3 004 04 
002 2 
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Fig. 6. Lightning flashover record of Wallenpaupack-Siegfried 
220-kv line, 1929-1933, inclusive 


Curve A: Section with overhead ground wires 
Curve B: Section without overhead ground wires 


overhead-ground-wire section it would appear that 
there was good shielding and that the majority of the 
strokes made contact with the ground wires or towers. 


The Counterpoise 

Buried ground cables or counterpoise wires have 
been installed on a number of systems in order to 
reduce tower-footing resistance. Among these sys- 
tems may be mentioned the following: 


Atlantic City Electric Company........ 69 kv 
Western Massachusetts Power Company. 66kvand115kv 
Appalachian Electric Power Company... 132 kv 


Shawinigan Water and Power Company... 187 kv 
Pennsylvania Power and Light Company. 220 kv 
Pennsylvania Water and Power Company 1382kv and 230 kv 
. 287 kv - 


Of these installations, the most reliable data in 
possession of the writer deal with the Pennsylvania 
Power and Light Company’s 220-kv Wallenpaupack- 
Siegfried line and with the Appalachian Electric Power 
Company’s 132-kv Glenlyn—Roanoke line. 

As mentioned previously, the Pennsylvania Power 
and Light Company’s installation consists of 2.6 mi of 


continuous tower-to-tower counterpoise of 2/0 copper 
conductor, buried approximately 18 in. The wire is 
installed in such a manner (Fic. 1) that it passes the 
towers on one side and ties in to the two tower legs 
on that side. The tower legs on the opposite side are 
not connected to the counterpoise. The footings of 14 
towers were so connected. This counterpoise wire is 
equipped with four current-measurement stations on 
each side of the tower at approximately 3, 100, 200, 
and 300 ft from the tower. ee 

The remainder of the ground-wire section, about 
21.5 mi, is equipped with four 2/0 cables, buried 
approximately 18 in., each connecting to one tower 
leg and extending approximately 50 ft diagonally 


from the tower (Fic. 2a). At 14 towers one of the 


radial cables was extended parallel with the direction 
of the transmission line, making a total length from 
the tower of 250 ft (Fic. 2b). At each tower one of the 
radial cables is equipped with magnetic links approx- 
imately 25 ft from the tower. Each of the 250-ft 
cables has. magnetic links at 25, 125, and 225 ft 


from the tower. The diverter cable (high-ground-wire) - 


section (3.7 mi) has the ground wires insulated from 
the tower tops and connected to the ground through 
guy wires. The footings of these guy wires are in turn 
connected to the tower footings by buried cables. 

On the Glenlyn—Roanoke line the counterpoises are 
made of 35 by 4 in. galvanized-iron strap. Each of two 
150-ft lengths extend from diagonally opposite tower 
legs and run parallel with the conductors; each of two 
40-ft lengths extend at right angles to the line from 
the other two tower legs (Fic. 3). The counterpoise 
conductors are buried approximately 18 in. under the 
surface of the ground. The counterpoise wires on 
twenty towers near each end of the line were equipped 
with current-measurement means as follows: 

In 1934, one 150-ft wire and one 40-ft wire each had 
one magnetic-link bracket installed at approximately 


three feet from the tower leg. In 1935, the equipment 


on the short cable was unchanged, but on the long 
cable two additional brackets were mounted at ap- 
proximately 80 and 147 ft from the tower leg. In 1936, 
additional magnetic links were installed on the 40-ft 
wires at 37 ft from the tower. 


Relation Between Current in Long and Short Radial Coun- 
terpoise Wires 
In 1936, simultaneous readings were obtained in 19 
cases in the 250 and 50-ft counterpoise wires on the 
Wallenpaupack-Siegfried line (Fic. 2b). The readings 
for both wires were taken at stations 25 ft from the 
tower. The ratios of the current in the long wire to 
the current in the short wire varied from 5.1 to 12.3 
(neglecting those cases in which one reading was zero 
or only a trace). The ratio of the summation of cur- 
rents in the long wire to the summation of currents in 
the short wire was 7.1. This compares with the ratio of 
lengths of 5. 
In 1985, there were 13 cases in which simulta- 
neous readings were obtained in the 150- and 40-ft 
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- wire 


counterpoise wires of the Glenlyn—Roanoke line,“ the 


readings in each case being obtained at three feet from 
the tower (Fic. 3). The ratio of the current in the long 
to the current in the short wire varied from 2.6 
to 8.5, with a ratio of the summation of readings of 4.3. 
This compares with the ratio of lengths of 3.75. 

In 1936, simultaneous readings of current in the long 


and short counterpoise wires on the Glenlyn—Roanoke 


line were obtained in 65 cases. Neglecting those in 
which readings of zero or only a trace were obtained, 
the ratio of the current in the long wire to the current 
in the short wire varied from approximately 1 to 7.7, 
with a ratio of the summation of currents of 2.6. This 


oo gain compares with the ratio of lengths of 3.75. 


Similar data were obtained“ in 26 cases in 1935, 
and in 61 cases in 1936, at the 3-, 80-, and 147-ft 
stations on the 150-ft counterpoise wires of the 
Glenlyn—Roanoke line (Fic. 3). 

An analysis of these data (neglecting the cases in 
which the readings were zero or only a trace) has 
been made by Edgar Bell and he has found that for 
average values of current the rate of current collection 
or dissipation for the 40-, 50-, 150-, and 250-ft, 
radial counterpoise wires is fairly uniform, at from 
45 to 75 amp per foot, except near the free ends 
where the rate is of the order of 10, or more, times 
normal. 

This analysis again indicates that the effectiveness 
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Fig. 7. Analysis of current flow caused by lightning stroke (July 25, 1935) to Wallenpaupack-Siegfried 220-kv line. 
The portion of the line under consideration is here shown in two displaced sketches of which the right-hand 
end of the upper is to be considered joined to the left-hand end of the lower 


The variation in ratio of current in long and short 
counterpoise wires may perhaps be accounted for by 
the difference in resistance of the soil in which the 
‘wires are buried. This difference is very marked in 
some cases, even at the same tower. Another possible 
cause of variation may lie in the direction of the 
stroke, as compared with the direction of the counter- 
poise wires. Possibly the location of the cloud may 
have a bearing. Coupling between the ground wires 
and line conductors and the counterpoise wires may 
also have some effect. 3 

Summing up, it appears that the counterpoise wires 
on the average carry currents about in proportion to 
their lengths, the long wires carrying if anything a 
somewhat greater proportion than called for by their 
length. 


Current in Radial Counterpoise Wires at Different Distances 
from the Tower 


In 1936, simultaneous readings were obtained in 18 
cases at the 25-, 125-, and 225-ft stations on the 250-ft 
counterpoise wires of the Wallenpaupack-Siegfried line 
(Fic. 2b). The distribution of current in the four sec- 
tions of the wire varies considerably in individual cases. 


(‘)‘‘Lightning Currents in 132-kv Lines,”’ by P. Sporn and I. W. Gross, 
Electrical Engineering, vol. 56, no. 2, February 1937, pp. 245-260. 


of the radial counterpoise wire, within the range of the 
tests, is about proportional to its length. 

In Table III it was shown that there was only 
one tripout in six years due to flashover on the over- 
head-ground-wire section of the Wallenpaupack— 
Siegfried line equipped with radial counterpoise wires. 
This tripout occurred in 1932. In the four subsequent 
years, 1933 to 1936 inclusive, there were 85 records of 
tower current in this section ranging from a trace to 
40,000 amp, 24 per cent being greater than 10,000 
amp. In no case did the insulators flash over. 

During 1936 on the nonoverhead-ground-wire 
section there were 61 records of tower current and 
28 corresponding insulator-assembly flashovers. The 
average current corresponding to the 28 flashovers was 
less than 9500 amp. 

The data obtained demonstrates the effectiveness of 
the combination of overhead ground wires and radial, 
as well as continuous tower-to-tower, counterpoise 
wires in making the protected line practically immune 
to flashover. 

In Fic. 7 is shown the analysis of a typical lightning 
stroke on the Wallenpaupack-Siegfried line. The 
lightning stroke is direct to the ground wire on the 
section of line with the radial counterpoise wires. 
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Current is being drawn into the continuous counter- 
poise approximately 1.5 mi away from the stroke and 
fed into the stroke by means of the counterpoise wire 
and overhead-ground wires. The total stroke current 
of approximately 24,000 amp is fed into the ground 
wires through seven towers as follows: 


Leg Current 


Tower (Amp) 
13.3 1000. 
13.4 0 

1325 0 

141 0 

14.2 1000 
14.3 1000 
14.4 3000 
14.5 8170 
15 5650 
L522 4000 


There is very little concentration of current at any 
one tower and consequently very little possibility of 
flashover. C. M. Foust and the writer in a joint 
article stated: ‘‘The most significant way in which 
the counterpoise functions to prevent line flashover 
is by reducing current density in the earth at the tower 
base. In this way the voltage drop at the tower base 
is reduced and the tower potential is held to values 
below insulator flashover.”’ | 

Fic. 7 shows that the influence of the counterpoise 
extends for many towers each side of the actual point 
of contact with the lightning stroke, and thus in- 
creases the beneficial effect of reduced current density 
in the earth even beyond that suggested in the fore-- 
going quotation. 

There is still some question as to the length of 
counterpoise wire necessary to obtain the desired 
reduction in current density and consequent lowering 
of tower potential. Work is going on to obtain more 
information on this subject. 

The Pennsylvania Water and Power Company has 
worked out a technique for predicting the number of 
radial counterpoise wires of a given length necessary 
to reduce the tower-footing resistance to a desired 
value. 

(5)‘‘Lightning Investigation on Transmission Lines—V,"’ by W. W. 
Lewis and C. M. Foust, Electrical Engineering, vol. 54, no. 9, September 
1935, pp. 934-942. 


(8)“‘Practical Applications of the Counterpoise,’’ by E. Hansson, Electric 
Journal, vol. 33, no. 6, June 1936, pp. 281-285. 
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Low tower-footing resistance can be obtained algo 
by means other than the counterpoise wire; for ex. 
ample, by driven rods, driven wells, buried plates, 4 
combination of radial counterpoise wires and driven 
rods, etc. The Consumers Power Company in Mich- 
igan has developed a technique whereby footing 
resistances of several hundred ohms are reduced to 


the order of 10 ohms by means of driven rods. Rods 


Fig. 8. Arrangements of overhead ground wires which have been 
found by experience to give good shielding of conductors and, 
when accompanied by low-footing resistance and adequate 
insulation, have provided near immunity to flashover 


are driven to an estimated required depth and the 
process is continued until the desired footing re- 
sistance is reached. In some cases depths as great as 
150 ft have been found necessary. Whether driven 
rods are as effective under lightning-current conditions 
as are buried horizontal cables is a question that re- 
mains to be answered. 

For vertical and horizontal arrangements of con- 
ductors, Fic. 8 illustrates arrangements of overhead 
ground wires which have been found by experience to 


give good shielding of conductors and, when accom- 


panied by low footing resistance and adequate insula- 
tion, have provided near immunity to flashover. 


a) 


a attempting, as with ground wires and low 


Protection of Transmission Lines Against 
Lightning: Operating Practice and Experience 


. PART II: EXPULSION GAPS— PETERSEN COILS —IMMEDIATE INITIAL 
a ~ RECLOSURE — SUMMARY 


By DR. W. W. LEWIS 


Central Station Department, General Electric Company 
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= EXPULSION PROTECTIVE GAPS 
NOTHER way of attacking the problem of con- 

_" tinuity of service is to direct the flashover 
through gaps or tubes set for a lower flash- 

‘over value than that of the insulators; not 


METAL CAP 

NOTE: DISCHARGE TAKES PLACE 
FROM LINE CONDUCTOR TO METAL 
CAP AND THENCE THROUGH THE 
EXPULSION TUBE TO GROUND 


CL hapa, 


ee eee YY 


_- footing resistance, to prevent flashover alto- 
a gether. 3 
The expulsion protective gap (Fic. 9) isa 
tube with an internal gap connected to the 
line through an, external series gap, the whole 
having a flashover value lower than that of 

‘the insulator string. The tubes are selected 
for the range of short-circuit currents ex- 
pected. The short-circuit current that follows 
the lightning flashover produces a pressure 
within the tube and the arc is extinguished 
within a half-cycle. A simple discharge indi- 
cator will give a visual indication that a tube 
has operated. 

For continuity of service it has been cus- 
tomary to build double-circuit lines. How- 
ever, even with two circuits a large propor- 
tion of the faults may involve both circuits, 

_ because when lightning current passes down | 
a tower the tower potential 
may be raised above that of 
all six conductors and the 


INNER METAL 
ELECTRODE 


INSULATING EXPULSION 
TUBE WITH DOUBLE WALL 


INTERNAL 
GAP 


| 
= 


METAL ELECTRODE 
TO BE CONNECTED 
TO GROUND 


} 
1 


ADJUSTABLE NUT 
FOR MOUNTING 


ARC IS EXPELLED THROUGH 
OPENING IN BOTTOM ELECTRODE 


Fig. 9. Construction of expulsion protective gap 


TABLE IX 


EXPULSION-GAP OPERATION ON 66-KV LINES 
PENNSYLVANIA POWER AND LIGHT COMPANY 


probability is that more Strue: GAP OPERATIONS LIGHTNING TRIPOUTS 
than one conductor will nes a tures RT, Be 
Line gt Ss Equipped 
flash over at a time. On (my) tures | ith 1935 1936 1935 1936 
° aps 
wood-pole lines, faults fre- 
quently spread between  \,.thumberland- 
circuits because of the high Williamsport....... 36.4 355 91 (@) 34 124 i 10 
resistance of the pole, po vick Bloomsburg..| 13.8 160 23(e) | 44 56 1 2 
which does not relieve the 
: : Hummelstown- 
potential caused byadirect “"Honegal®)... 0.0... 17.8 175 175 65@) | 138 0 0(d) 
stroke. For these reasons : 
some of the power com- Safe Harbor—Donegal.| 13.4 130 130 140 166 0 0 
panies are now building sin- MPotaltcic srescotscs. 81.4 820 419 283 484 2 12 


gle-circuit lines equipped 
with expulsion protective 
gaps, instead of double- 
circuit lines. Among these 
may be mentioned the 
Pennsylvania Power and 


(a) De-ion Gaps installed on guyed structures only. Other lines equipped with expulsion protective gaps at all 
structures. 

(b) The Harrisburg-Donegal line consists of an 8.5-mi section from Harrisburg to Hummelstown, single circuit 
on steel towers with two overhead ground wires and tower-to-tower counterpoise (no expulsion gaps on this section) ; 
and a 17.8-mi.section from Hummelstown to Donegal, single-circuit wooden H-frame. All structures on this sec- 
tion are equipped with expulsion gaps. ; 

c)Gaps installed near close ot 1935 lightning season. Line not in operation during the 1935 season. 
d)Prior to June there were 10 tripouts caused by instantaneous relay operation. After these relays were dis- 
connected, no further tripouts were experienced, 


85 
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Light Company’s 66-kv wood-pole lines, the Carolina 
Power and Light Company’s 110-kv wood-pole lines, 
and the American Gas and Electric Company’s 132-kv 
steel-tower lines. Such lines in the limited time they 
have been in operation have had a very good service 
record. 

In 1935, the Pennsylvania Power and Light Com- 
pany installed expulsion protective gaps and de-ion 
gaps on about 81.4 mi of 66-kv single-circuit wooden 
H-frame line (Fic. 10). Out of a total of 820 struc- 
tures, 419 were equipped with gaps. During the 1935 


‘season there were 283. tube operations, and during the 


1936 season 484 tube operations (Table IX). During 
the 1935 season there were two lightning tripouts and 
during the 1936 season twelve tripouts, plus some ad- 
ditional tripouts caused by too rapid relay operation. 


Stee! \cross-arm 
4"by 3" by Yy"angle 


Expulsion 


protective gaps ke 


! 
Tie ground wires! 1 
on poles together; | 
with No.6 S.D. 1 | 
copper wire eu 


apasnnncecne nines 
Sear 


Fig. 10. Diagram of 66-kv wooden H-frame line with Fig. 11. 
expulsion protective gaps, Pennsylvania Power 
and Light Company 


The Hummelstown—Donegal and Safe Harbor- 
Donegal lines have not been operated without gaps, 
so in their cases it is not possible to obtain an evalua- 
tion of improvement in operation due to gaps. In the 
case of the first two lines listed in Table IX, gaps were 
installed at guyed structures only (which comprised 
about 26 per cent of the structures for the Northum- 
berland-Williamsport line and about 14 per cent for 
the Berwick—Bloomsburg line). The operating record 
of these lines showed an average of 5.5 tripouts per 


year on the Northumberland—Williamsport line in 


1935 and 1986 as compared with the yearly average of 
seven tripouts during the previous four years. On the 
Berwick-Bloomsburg line there was an average of 
1.5 tripouts per year in 1935 and 1936 as compared 
with a yearly average of five per year during the 
previous four years. 

There were a large number of correct gap operations 


on the Pennsylvania Lines (the incorrect gap oper-. 


ations were slightly over two per cent). It cannot be 


ronan 
ananenestinens enews 
rear aaeal 


Mounting of expulsion protective 
gaps for a 132-kv line 


said that each correct gap operation saved a tripout 
It must be remembered that the flashover voltage of 
the expulsion-gap assembly may be in some Cases 
considerably less than that of the insulation assembly 
which it is designed to protect. Itis obvious, there. 
fore, that the number of expulsion-gap operations 
will be greater than the number of insulator flashovers 
that would have occurred if the gaps had not been 


installed. Nevertheless, it is probably true. that the 
gaps saved a large number of tripouts on these lines 


during the period of their service. 


\ 


Expulsion protective gaps have been developed | < : 


and used successfully on lines with voltages ranging 
from 13.8 to 220 kv (Fie. 11). 


PETERSEN COILS 

Briefly, the Petersen coil is a reactance coil con: 
nected between the system neutral and ground. This 
, coil is so proportioned in 

relation to the capacitance 
of the system that when a 


on one conductor, the lag- 
ging current which will 
flow through the coil is 
equal in magnitude and 
opposite in phase to the 
charging current at the 
fault. Under this condition 
the resultant current at the 
fault becomes zero, and the 
fault is cleared (Fics. 12 
and 13). The Petersen coil, 
however, cannot clear a 
line-to-line fault. 


In some cases there is a 
residual in-phase compo- 


aaa mnnnseersynioa eng ar ye‘ 4 te 


ized by the Petersen coil. 
This current is due to corona on the line conductors, 
leakage over insulators, etc. If large enough to be 
important, the in-phase component may be neutral- 
ized by special auxiliary means. ; 
The use of the Petersen coil in Germany and other 
countries of Europe has been very extensive. Approx- 
imately 1700 coils have been installed in all parts of 
the world on systems varying in voltage from 5 to 
220 kv. In this country the solidly grounded neutral 
system has been very popular, and therefore Petersen 
coils and other grounding devices have not received 
wide acceptance. é 
At the present time there are six coils in operation 
in this country, as listed in Table X. Table XI shows 
the residual in-phase current of four of the systems 
by test. 
The first Petersen coil in the country was an 800 
kva continuous-rated coil installed on the Lock 12— 


()For additional operating records see ‘Expulsion Protective Gaps,” 


by W. J. Rudge, Jr., and E. J. Wade, Electrical Engineering, vol. 56, no. 5, 


May 1987, pp. 551-557. 


- pole lines, partly on pin-type and partly 
-. ongsuspension-type insulators. There was B 
a total length of 93 miles, of which all but 
: 12 miles were equipped with one overhead | 
ground wire at the peaks of the poles, 
* with ground leads down the poles. Dur- 
ing a period of slightly over two years the Cou 


line-to-ground fault occurs — 


nent of current at the fault | 
which cannot be neutral- | 


: TABLE X 
Se nnn a 
: Approx : 
Volt : T: Installed 
Company pes ( Ay Reune Rane Neath 
labama Power Com- Contin- 
- ere a 44 800 uous 1921 
Consumers Power 
Company 140° 10,000**} 10 min 1931 
Central Maine Power 
- Company 33 3,000 30 min 1935 
Public Service Co. of ; | . 
Indiana _ 33 800 | 80 min | 1936 
Public Service Co. of | 
Fesiorado 100 11,000 10 min 1937 


_ *Coil now in operation on Georgia Power Company System. 
** Two. coils of this rating. 


‘Vida—Selma—Montgomery section of the Alabama 


Power Company’s 44-kv system late in 1921.8 The 
lines on which this coil operated were wood- 


coil operated approximately 360 times, 
about 90 per cent of which were recorded . 
as correct operations.) Table XII gives 
a summary of the interruptions on this 
line for the period January to September 
1921, before the Petersen coil was installed, 
and for comparison the interruptions for the 


periods January to September 1922 and March 1923 


to January 1924, with the coil in service. The coil was 


TABLE XI 


RESIDUAL CURRENT ON LINES EQUIPPED WITH 
PETERSEN COILS 


f - Amperes 
Company Vorsee Miles sumpsr es eae oe 
Alabama Power Co. 44 93 2.4 2.6 
Consumers Power Co.| 140 226 45.0 19.9 
Central Maine Power 
Oo. 3 560 23:0 4.1 
Public Service Co. of] - 
Colorado 100 190 22.0 11.6 


in service until early in 1924, when it was removed 
because the system mileage had practically doubled 
and greatly outgrown the capacity of the coil. The coil 
was moved to the Georgia Power Company’s system 


and installed on the 130-mi Marietta section of the 


44-kyv system. Here it has been in successful operation 


_ for about seven years. 


The Consumers Power Company’s coils were in- 
stalled late in 1931. The system consists of 275 mi of 
line on steel towers, all but about 40 mi of which are 


(8)‘*The Neutral Grounding Reactor,’’ by W. W. Lewis, A.I.E.E. Trans., 
vol. 42, April 1923, pp. 417-434. : 

(°)‘‘Operating Performance of a Petersen Earth Coil,” Parts I and II, 
by J. M. Oliver and W. W. Eberhardt, A.I.E.E. Trans., vol. 42, April 1923, 
pp. 435-445; and vol. 45, February 1926, pp. 165-168. 


Generator or transformer 


TABLE XII 


INTERRUPTIONS CAUSED BY LIGHTNING ON THE 
ALABAMA POWER COMPANY’S 44-KV LINE WITH 
AND WITHOUT PETERSEN COIL 


Number Total Number 


Y Petersen of Minutes OL. 
Cat Coil Interrup- | Interrup- | Lightning 
tions tions Storms 
1921(@) © No 43 230 82 
1922() Yes L 14 97 
- 19230) Yes 22 41 80 


(a) January to September. 
(b) March 1923 to January 1924. 


NotEe.—During the period the coil was in service, the sys- 
tem mileage practically doubled and outgrew the capacity of 
the coil. It was removed from service January 26, 1924, and 
later installed on the Georgia Power Company’s 44-kv 
system. 


14 


Fig. 12. Three-phase system with Petersen coil between neutral and ground, showing 
flow of current resulting from arc between conductor A and ground 


B C 


Ic 


Fig. 13. Vector diagram showing relation of charging current | 
and Petersen coil current with fault on conductor A at 
Point G (Fig. 12) 

I, =Charging current from conductor B to ground 

I, =Charging current from conductor C to ground 
I,=Total charging current (J; +1,) 

I,, = Petersen coil current 

I, =In-phase current due to corona, insulator leakage, etc. 
NA, NB, NC =Line-to-neutral voltages 


single circuit. There are no overhead ground wires 
on these lines. The coils are rated 10,000 kva for ten 
minutes and are installed one at Saginaw and one at 
Alcona (Fic. 14). The Consumers Power Company 
operating record shows that approximately 70 per cent 
of all faults in about five years’ service were cleared 
without oil circuit breaker operation (Table XIII). 
The Central Maine system consists of 560 mi of 33- 
kv line on wood poles with pin-type insulators and no 
overhead ground wires. The Petersen coil (Fic. 15) 
was installed in the fall of 1935. In the fourteen months 
from August 1, 1935 to October 1, 1936 the Maine coil 


(°)‘‘Petersen Coil Tests on 140-kv System,’ by J. R. North and J.R. 
Eaton, A.J.E.E. Trans., vol. 53, no. 1, January 1934, pp. 63-74. 


operated 54 times, and cleared all faults, which were 
not permanent faults, without a service interruption. 
In the Gulf Island Station in the six years before the 
coil was installed, there were 27 insulator or bushing 


Fig. 14. Petersen coil tor 140,000-volt Con- Fig. 15. 
sumers Power Company system. Coil 


rated 10,000 kva for 10 min 


flashovers associated with faults at other points on the 
system. Since the coil has been in service, flashovers of 
this type have not occurred. 

In Fic. 16 is shown an interior view of an 11,000-kva 
10-min rated coil, which was installed in April this 
year on the Shoshone-Denver line of the Public 
Service Co. of Colorado. The shunting Thyrite resistor 
for oyervoltage protection may be 
ings. : . 
It is probable that the majority 


ground and that later other 
phases may become involved. It 
is also probable that high tower- 
footing resistance, by allowing 
the tower potential to rise above 
the conductors, is responsible for. 
the other phases becoming in- 


in tower-footing resistance will 
decrease the number of phase-to- 
phase faults, and allow the single- 
phase faults to be extinguished by 
Petersen coil operation. | 


IMMEDIATE INITIAL 
RECLOSURE | 
During the last few years an 
operating procedure has been, de- 
veloped to improve continuity of 
service on feeders and tie lines. 


Petersen coil for Central Maine Power 1 his is the practice of immediate 
Company 33-kv system showing shunting Thy- 
rite arrester for overvoltage protection. Coil 

rated 3000 kva for 30 min 


initial reclosure of a circuit- 
breaker which has been tripped 


TABLE XIII 
CONSUMERS POWER COMPANY—SUMMARY OF PETERSEN COIL OPERATION 
AUGUST 27, 1931-SEPTEMBER 24, 1936 


sia S SLATE NCNM AT aD ET SPS Ay SEs Saw PET ORST ON a DP opis Geta PSES ATG ae ET SL LTT] GES ORCA LISEE TINA ins Egat] POR CSS| SSE a eaeRg ME [PERI Ae POT) es 0] EO at ER So CTT ee ence es eS 


T 
1931 (a) 1932 1933 1934 1935(b) Sept: 24 Total 
1936 
Cause of Faults = 
Lightning 36 oka eee 12 27 65 44 29 33 210 
SlCCE vere eo tt Tas ge af 3 = : 3 
Unknown and other causes...... 1 2 13 5 oh 4 29 
! 
13 32 78 49 33 37 242 
Method of Elimination of Faults 
Line-to-ground Faults............. 6 18 42 32 22 6.54 126 
Cleared without breaker operation 5 18 40 31 15 5 114 
Cleared by breaker operation..... 1(¢) 2(4) 1(¢) ¢ 1 12 
HOMORG Circuits). sine 3 a eroeicscine dens 1 9 13 10 5 3 41 
Cleared without breaker operation : 1 Ge 1 2 
Cleared by breaker operation..... 1 8 13 10 5 2 39 
Faults which could not be definitely 
classified as to nature@............. 6 5 23 7 6 28 75 
Cleared without breaker operation 4 2 18 5 a 24 57 
Cleared by breaker operation. .... 2 3 5 2 2 4 18 
Per cent of all faults cleared without 
interruption: to, lime 9% 5: sicee os ec 69 66 74 74 58 81 72 
Ea SAE nee sO RE SS AER Bent eI LE Pat SB LR eRe ERE Es eral? Leh oe Atipe tS lee EE MeN (eg SM RR eed ee 
(a) August 27 to October 17. (b) From quick-trip ammeters only. (c) Line failure. Insulator string parted. 


(d) One ground fault developed into a short circuit. The other ground fault occurred when the system was not normal—Alcona coil off and Saginaw 


River switch 288 open. 


(e) Includes faults which because of lack of oscillograms or difficulty of interpretation could not be definitely classified as short circuits or ground faults. 
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seen at the sides of the coil wind-~ De 


of faults start single-phase-to- 


volved. Consequently, a reduction - 


automatically. Many of the causes of short circuit 


circuits are of brief duration, and have disappeared by 
the time the controlling breaker can be reclosed. Ex- 
perience has demonstrated that immediately returning 
voltage to a circuit not only does no harm, but it 
completely neutralizes the effects of the interruption 
on most types of load. 

All motors connected to an immediately reclosed 
circuit must have a time-delay feature on their under- 
voltage releases if full benefit is to be derived from 
this procedure. Otherwise the motors having an 
instantaneous undervoltage device will be discon- 


nected during the period of no voltage, and it then 


makes no difference whether the voltage is re- 
established immediately or later. Provided the under- 
voltage devices, when used, have time-delay features, 
it is possible to open the circuit breaker following a 


short circuit and immediately reclose it with no 

detrimental effect whatever on many kinds of load. 

The value of this procedure increases with the 
e prevalence of lightning on a system, for then a 
smaller percentage of the total number of faults arise 
.. from causes which are permanent. 


_.A number of companies, especially in the southeast, 
have applied immediate reclosure to their systems 
with significant improvement in their service. On one 
system it has been found that a circuit can be returned 
immediately to service after nearly 90 per cent of the 
tripouts, and remain closed with no loss of load and no 
detriment to service. 

Immediate reclosure does not benefit all types of 
loads. Where it is applicable, and where many of the 
outages result from transitory causes such as lightning, 
immediate reclosure is usually a simple, low-cost, and 
effective means of improving the service. In addition, 
immediate reclosure reduces service interruptions 
from certain causes which other protective means 
may not. These include temporary conductor contact 
from wind or sleet, and foreign materials in the line, 
such as kite strings, tree branches, birds, etc., which 
often leave the line clear after the first tripout. 


SUMMARY 


The protection afforded by ground wires, expulsion 
protective gaps, Petersen coils and immediate reclos- 
ure in limiting outages on transmission systems has 
been reviewed. None of the means considered show a 
perfect record. 

In some cases, however, the overhead ground wires 
when properly installed to shield the conductors from 
direct strokes and when accompanied by adequate 
insulation and low tower-footing resistance have 
shown an almost perfect record. 

The expulsion protective gap has shown good per- 
formance, especialiy on wood-pole H-frame lines. 
Improvements in the tubes may be expected as a 
result of past operating experience. This will tend to 


(11)‘*Automatic Reclosing of Oil Circuit Breakers,” by A. E. Ariderson, 
A.I.E.E, Trans., vol. 53, no. 1, January 1934, pp. 48-53. 
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further improve the performance of these gaps. There 
is some evidence that equipping one circuit of a double- 
circuit line is beneficial; and on the Pennsylvania 
systems equipping only the guyed structures was 
apparently beneficial. 

In the limited experience with Petersen coils in this 
country they have shown suppression of faults of the 
order of 70 to 80 per cent. Low tower-footing resist- 
ance is of importance here in- limiting the number of 
phase-to-phase flashovers, thus giving the Petersen 
coil full opportunity of taking care of the line-to- 
ground flashovers for which it is intended. 


Fig. 16. Interior view of Petersen coil, showing Thyrite resistor for 
overvoltage protection. This unit for the Public Service 
Company of Colorado is rated 11,000 kva for 10 min 


Immediate initial reclosure has been applied mainly 
to radial feeders and tie lines of medium voltages (up 
to 66 kv), although trial installations have been made 
up to 132 kv.“% A certain amount of maintenance 
is involved in the oil circuit-breakers, relays, etc. 

Grading shields mounted on insulator strings pre- 
vent damage to porcelain, hardware, and conductors 
when flashover takes place. Thus if the line trips out 
owing to arcover, it will be in condition to operate 
and may be placed back in service immediately. 

Each of the protective methods has its advantages 
and disadvantages, and the best method for a particu- 
lar case can only be selected after a study of all the 
circumstances. 


Ca. Uecrenis teed Recloane of High-voltage Transmission Lines,’’ 
by P. Sporn and D. C. Prince, Electrical Engineering, vol. 56, no. 1, January 
1937, pp. 81-90 and 100. 


Protection of Stations Against Lightning 


PART I: ELEMENTS OF THE PROBLEM 


By L. V. BEWLEY and 
Lightning Arrester, Cutout and Capacitor 


Power Transformer Engineering 
Department 


W. J. RUDGE, Jr. 


Engineering Department 


Pittsfield Works, General Electric Company 


HE object of station protection is to prevent 
flashover and breakdown of insulation at the 
station. From a knowledge (1) of the surges 

which are permitted to reach the station, either on the 


transmission line or by way of a direct stroke at or 
near the station, and (2) of the impulse flashover and 


Kilovolts on stricken line conductor 
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Fig. 1. Lightning expectancy curve 


breakdown characteristics of the connected apparatus 
it is required to so design and co-ordinate the pro- 
tective characteristics that outages and damage to 
equipment will be minimized. : 
The most satisfactory way of protecting stations 
against lightning is the modern lightning arrester, in 
conjunction with suitable direct-stroke protection 
of the station and at least 2500 ft of the outgoing 
lines. This is not only true of new stations, where 
the voltage level established by the arrester can be 
made the basis for station insulation co-ordination, 
but is true also for old stations where the apparatus 


used is not up to present-day standards of impulse — 


strength. 


It is pertinent to the station protection problem BS 


\ 


to be able to estimate: 


(1). The maximum surge voltage whichcan occur 
in the station with and without protective devices. o 


(2). The margin between the maximum voltage 
which can occur and the level allowed by the 
protective measures. 

(3). The number of outages which can occur in the 
station resulting from lightning and switching surges. 
In order to evaluate the lightning voltage which 

can reach the station from the line, and the station 
conditions which modify the surge, it is convenient 
to introduce two concepts: a 

(1). The vulnerable zone, defined as the distance 
out on the line within which a surge of given 
severity can originate and cause distress at the 
station, and | 

(2). The station refraction 1ndex, which is a meas- 


ure of the modification in crest and front expe-. 


rienced by the wave when it impinges on the station. 
The length of the vulnerable zone is a function of 
the attenuation and distortion of the wave on the 
line, and of the refraction index at the station. Once 
the refraction index and vulnerable zone have been 


ascertained, it is a straightforward task to determine 


the surge to which the station is subjected, and to 
co-ordinate the several station insulation levels by 
matching their insulation flashover or breakdown 
characteristics. Such assumptions regarding wave 
behavior as it is necessary to introduce are intended 
to err on the side of safety. 

The magnitude, duration, and shape of a lightning 
surge on the power conductors of a line depend upon: 
(1) the characteristics of the stroke itself (current, 
wave front, and wavelength); (2) the insulation and 
protective features of the line (insulators, ground 


wires, counterpoises, expulsion gaps, etc.); and (3) the 


attenuation and distortion of the wave as it travels 


along the line. When this surge reaches the station it 


may experience further modification by reflection. 


Characteristics of the Stroke 

Lewis and Foust have given a lightning expec- 
tancy curve based on field data, showing the light- 
ning-stroke currents and their probability. Their 


data have been expressed as a voltage-expectancy ~ 


curve (assuming a lightning-stroke surge impedance 
of 400 ohms) in Fic. 1 from which the percentage of 


1)“Lightning Surges on Transmission Lines—Natural Lightning,” 
by De W. OW Lewis aad C. M. Foust, GENERAL ELEcTRIC REVIEW, vol. 39, 
no. 11, November 1936, pp. 543-555. 
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‘strokes exceeding a given voltage may be found. 


For example, 50 per cent of all lightning strokes 


exceed 3500 kv. 

' Lewis and Foust have also given data on the 
front and length of the traveling waves as measured 
at the recording stations, and McEachron and Mc- 


Morris have summarized the available information 
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Fig. 2. Flashover characteristics of a positive-polarity 1.5 X40 wave 
on 10-in. diameter suspension insulators having a 5%-in. spacing. 
Humidity, 0.6085 in. of mercury-vapor pressure; temperature, 25 C; 
and barometric pressure, 76 cm of mercury 


18 20 


._ Note—The insulators were mounted according to the specifications 
given in A.I.E.E. Standards No. 41. The distance from the bottom of the 
skirt of the lower unit to the top of the pipe conductor was 7 in. (The scale 
along the abscissa in inches of string length should be noted.) It has been 
fairly well determined that the sparkover of a string of insulators is pro- 
portional to the string length. 

The 60-cycle and positive full-wave (15) and (1.5 X40) flashover 
of Suspension insulators were agreed upon by the N.E.M.A. group sub- 
Rintee on_the correlation of laboratory data and accepted by the joint 


- N.E.M.A.-E.E.I. committee for co-ordination of insulation. 


on the front and duration of strokes. The waves 


appearing on the lines are expected to have a front 
of less than 2 up to 10 microseconds and a duration 


up to 80 microseconds or more. 


(@)“The Lightning Stroke: Mechanism of Discharge,’’ by K. B. Mc- 


Eachron and W. A. McMorris, GENERAL ELEctTRIc REVIEW, vol. 39, no. 10, - 


October 1936, pp. 487-496. 

@)“Impulse Voltage Strength of Insulators and Materials,’’ by J. C, 
Dowell and C. M. Foust, GENERAL ELEcTRIC REVIEW, vol. 40, no. 3; 
March 1937 ,pp. 141-161. ' 


Line Insulation 

A lightning stroke to a line conductor, or one 
which flashes over to a line conductor, will be limited 
in magnitude by the line insulation; for as the wave 
travels along the line it will flash over at every tower 
until reduced below the flashover value. In the 
case of steel-tower lines, the insulation limiting the 
voltage is that of a single insulator string. 

If wood crossarms are used, the effective insula- 
tion is that of one insulator string in series with the 
wood. If wood poles are used with ungrounded hard- 
Ware, it is that of an insulator string, wood cross- 
arm, and wood pole in series. In this latter case, 
however, flashover would likely occur to all other 
conductors on the pole before flashover to ground, 
and in such a case it is necessary to give consideration 
to surges reaching the station simultaneously on all 
three conductors of a three-phase system. 

Dowell and Foust have given very complete 
data on the impulse voltage strength of insulation. 
Fic. 2, taken from their article, shows typical volt- 
time curves for suspension insulators. 

Wood, as an insulator, is erratic and not wholly 
reliable. Some of its characteristics were given by 
Dowell and Foust. For estimating purposes it is 
probably sufficiént to consider wood as increasing the 
insulator flashover by about 50 kv per foot of wood. 

Expulsion gaps materially reduce the magnitude 
of the surge. Fic. 3 shows a set of typical volt-time 
curves for standard expulsion-gap ratings. 

Transmission-line-type lightning arresters and 
fused grading rings, which have been used in a few 
cases, have been largely superseded by expulsion 
gaps. In some cases these devices have been em- 
ployed to establish a flashover level for a section of 
the line adjacent to. the station. 


. Attenuation and Reflection 


As a wave travels along a line it suffers attenuation 
and distortion due to corona, skin effect, resistive 
grounds, and coupling; and upon reaching the station, 
reflections, some of which may be successive, further 
change its shape and magnitude. No entirely satis- 
factory method is available for calculating the 
change in wave shape as the surge travels along the 
line, but Foust and Menger“) have given an empirical 
formula for the attenuation: 


E 


; I+KEx (1) 


where 


e=kv at point x miles from origin 
x*=miles of travel 
E=kv of surge at point of origin 
K =attenuation constant : 
= (approximately) 0.0006 for chopped waves 
(two microseconds) ; 
= (approximately) 0.0003 for short waves (five 
microseconds) 
= (approximately) 0.00016 for long waves (20 
microseconds) 
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Thus the higher the voltage the greater the attenua- 


tion, and short waves attenuate faster than long waves. 


When the surge of voltage e arrives at the station, 

a reflection occurs, and the crest voltage at the 
station becomes 

bE 


1+K Ex @) 


Q 
bo 

l 
oO 


where 


crest of surge during reflection eo 
= = refraction index 
crest of free traveling wave | (3) 


that is, the ratio of the total voltage during reflection 
to the incoming traveling wave. 

Obviously, the refraction index b depends not only 
on the shape of the incident wave, but also on the 
transient characteristics of the station equipment 
and protective devices. Any device which modifies 
the wave shape, such as a lightning arrester, a 
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Fig. 3. Volt-time characteristics of expulsion protective gaps for a 
1.5 X40 positive wave 


shunt capacitance, or a series inductance, is a wave 
modifier, and for the purpose of this article will 
be. characterized by its refraction index b. The 
refraction index can not exceed a maximum of D=2, 
except under the following circumstances: series induc- 
tance and capacitance may permit an oscillation (in 
which case the refraction index may reach b=4), or 
an increase of surge impedance towards the station 
may occur such, for example, as a surge passing from 
a cable to an overhead line. 

Now £ can not exceed the flashover voltage e1 
of the line, as given in Fics. 2 and 3, and therefore 
the maximum distance from the station in which 
the representative wave can originate and precipitate 
a station flashover is: 


b ey —e2 _b—(¢2/e:) (4) 
K 1 €2 K C2 


xX1= 


“This distance may be called the vulnerable zone 


of the station, and has been plotted for a special case - 


of ¢2=650 kv and e:=870 kv in Fic. 4. It is the 
distance from the station within which the maximum 
surge permitted by the line insulation may travel 
to the station and during reflection still cause a station 


flashover. It is evident that the vulnerable zone ig - 


longer the longer the wavelength, but rapidly de- 
creases as the refraction index becomes, smaller. 


But it is clear from Equation (4) that decreasing | 


é. or increasing ¢, will lengthen the vulnerable zone, 
and it may happen that an increase of line insulation: 
will increase the station flashovers to the same 


extent that the line flashovers are reduced,“ assuming ae 


no arresters in the station. This possibility is Be 
trated in Fie. 5. 
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Fig. 4. Vulnerable zone as a function of the refraction index and 
the attenuation constant for long, short, and chopped waves 
: e. =870 e2 =650 
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Fig. 5. Transfer of flashovers from line to station by 
increasing the line insulation 


The attenuation curve in Fic. 5 shows the voltage 
at any point on the line necessary to precipitate a 
station flashover, taking into-account the reflection 


of the traveling wave at the station. The horizontal 


line represents the surge voltage necessary to cause a 
line-insulator flashover. Obviously, then, any surge 


voltage which lies below both the insulation level of | 


the line and the attenuation curve will not result in 
a flashover. A surge voltage which lies above the 
attenuation curve but below the line insulation level 


will result in a station flashover. Finally, any surge 


(4)“Lightning Flashovers—On the Line or at the Station,” by L. V. 
Bewley, Electrical World, July 14, 1934, pp. 52-53. 
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voltage greater than the line insulation level will 
cause the flashover of a line insulator. 

Now suppose that the line insulation is increased. 
Then all surges in the area ABXCDY of Fic. 5(a), 


-which were formerly line flashovers, now become 
‘station flashovers, because these surges now lie below 


the line insulation level but above the attenuation 


curve. However, all surges in the area ABEF in 
Fic. 5(a) which were formerly line flashovers now 
result in no flashovers because such surges lie below 
‘both the line_insulation level and the attenuation 

~ . curve. Therefore, the area ABEF is a measure of the 
net reduction of outages due to an increase of line 

fc insulation. But if the length of the line is equal to 
or less than AD, say YD, then Fic. 5(b) applies, and it 


is evident that there is no net-reduction of flashovers— 
merely a transfer of former line flashovers to station 


_flashovers as represented by the area of XCDY. 
Consequently it is evident that there is a critical 


length of line for which an increase of line insulation 
will increase the station flashovers to the same 
extent that it decreases the line flashovers. If the 


length of the line exceeds this critical length, then an ~ 


increase in the line insulation will result in a net 


reduction of total system flashovers. But to realize 
the full advantages of increased line insulation, it is 


necessary to prevent station outages by protecting 


‘the station with a lightning arrester. 


In order to arrive at some definite idea as to the 


number of flashovers, and their segregation into line — 


and station flashovers, it is necessary to refer to the 
lightning expectancy curve in Fic..1. From Equation 
(2), the lightning voltage at distance x which can 
cause a station flashover is 


(of ee 56 
b—K @2%x (5) 


~ Now let 


21=total length of line between stations 
N =strokes per mile hitting the line 
P(e) =fraction of total surges on the line which 
exceed a voltage e, as given in Fie. 1. 


Then it has been shown) that the number of 


station flashovers not also involving a line flashover 
is approximately 


M2 = N [P (¢2/b) —2P (e:) +P (e)] 3 (6) 


where 
% =x, if x, <1 (see Equation 4) 
s=1 ifx,>1 
e=voltage corresponding to x 
and the line flashovers are 


N=2 LNP (é1) (7) 


For example, on a 132-kv 50-mi line with a station 
flashover level (on long waves) of ¢:=650 kv, let 
the flashovers at the station for both 9 and 11 insulator 
units on the line be compared both with and without 


(5)‘ ‘Lightning Protection—Influence of Station Protective Devices on 
System Outages,” by L. V. Bewley, The Electrician, vol. 113, no. 10, Sep- 
tember 7, 1934, pp. 297-300. 
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a lightning arrester b=0.6 at the station. Then, for a 
station at each end of the line: 


Insulators 9 al 

a een mee Tee roe 870 1050 

REY Me ricco ry ON eae a Rae 650 650 
i (long waves)... 60.3 0.00016 0.00016 

BISS fe a iy ee tm eReR On are 2.0 0.6 2.0 0.6 
g (Equation 4). 2 3.4.02. 11 0 13.25 0 

Sead area E eae Ie a Nes 870 870 1050 +1050 
P (¢5/b) UcaausRdeenie: Sete ne 0.95 0.85 0.95 0.85 
PACE) ener: i Sareueron eae aan 0.88 0.88 0.85 0.85 
J ed Drea as i eR eae 0.88 0.88 0.85 0.85 
Each Station (Equation 6).| 0.89 ~ 0.00 0.66 0.00 
Line ubauation 1G ees AS .| 44.00 44.00 42.50 42.50 
Rotalig sce sneece es eran 44.8 44.0 43.8 42.5 


In addition to the station flashovers given by 


Equation (6), which are not associated with a line 


flashover, a certain percentage of those strokes which 
do cause a line flashover will also cause a station 
flashover. 
The station flashovers, as functions of the station 
refraction index, are given in Frc. 6, for a special case. 
It should be remarked that a wave modifier at the 


station can influence the line flashovers for only a 


short distance out—that is, a span or two regardless 
of the refraction index.) This is true even if the wave 
modifier is a line-to-ground short- circuit. 


Stroke to a Ground Wire | 
A lightning stroke which contacts a tower or 
ground wire, but which does not cause the insulators 


to flash over, will induce a surge on the line conductors _ 


which is limited to a few spans and then rapidly 
diminishes in intensity away from the stricken point. 
Surges of this nature are of little importance from 
the point of view of station protection, unless the 
stroke occurs within one or two spans of the station. 

The percentage of strokes which strike a ground 
wire and which are capable of causing an insulator 
flashover, can be estimated.” If the voltage on the 
line wire following the initial flashover exceeds the 
insulator flashover voltage ¢, then flashovers will 
continue to occur at adjacent towers until the line 
voltage is reduced to less than e;. Also, on account 
of successive reflections on the ground wires, this 
surge will be of comparatively short duration. 
Therefore, 


Station Station fashovee) (canes zone basedon short as) 
Line flashovers total length of line per station 


(8) 


For example, if a line 50 mi long with a station on each 
end (25 mi per station) has an estimated performance 
of eight per cent flashovers, and the station refraction 
indices are b=1.8, then by means of Fic. 4 and 
Equation (8) 


station flashovers = X8 =2 per cent 


(6)‘‘Critique of Ground Wire BE Oe by L. V. Bewley, A.I.E.E. 
Trans., vol. 50, no. 1, March 1931, BPs -22. 

(7) ‘Protection of Transmission Lines Against Lightning,’ Part I and 
Part II, by L. V. Bewley, GENERAL ELectric REVIEW, vol. 40, nos. 4 and 5, 
April and May, 1937, pp. 180-188 and 236-241. 
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Direct-stroke Protection 

On lines not completely equipped with ground wires 
it is advisable to install ground wires for a short 
distance out from the station for protection from a 
direct stroke. Such a special ground wire constitutes 
the shielded zone of the station and should conform 
to modern ground-wire practice.”) The necessary 
extension of this shielded zone depends upon the type 
of protection at the station and the refraction index. 
It may have two rather distinct functions: (1) Where 
gaps only are used at the station, to provide distance 
for attenuation so that any surge entering the shielded 
zone will attenuate below the permissible level by the 
time it reaches the station, and (2) where arresters 
are used, to insure a definite surge impedance between 
the point of line flashover and the protective device. 

If there is no lightning arrester, the shielded zone 
must be long enough so that the surges will attenuate 
to a value such that during reflection at the station 
the resultant voltage will be below the station level.) 
The shielded zone is then identical with the vulnerable 
zone aS given in Equation (4) and as plotted for a 
special case in Fic. 4. This shows that the shielded 
zone would have to extend out for some ten miles 
for long waves, five miles for short waves, and one 
or two miles for chopped waves. In order to evaluate 
these distances more accurately, the curves in Fic. 12 
have been prepared. The wave entering the shielded 
zone is assumed to be triangular in shape, of voltage 


(18)**How to Design Ground Wires for Direct Stroke Protection,” 
by L. V. Bewley, Electrtcal World, vol. 103, March 17, 1934, pp. 397-399. 


Fig. 9. Refraction indices for capacitance 
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Refraction index 


number of steps 


n= 


30 20 
Te Van 
Fig. 10. Refraction index and steps to crest of short lengths of cable 


E, total length L, and front f; and this wave is 


assumed to arrive at the station at some reduced 
voltage e, length J, and the same front f. Neglecting 
the flattening of the front (which actually occurs) 
errs on the side of safety. Assuming, also, that the 
total charge of the surge remains constant (actually 
there is some loss of charge to the corona enveleney 
there is 


Pee or L=L E (8) 
Oe e. 
and by Equation (1) : 
ne aes (9) 
I+K Ex 


Thus the wave impinging on the station is specified 
in terms of the wave entering the shielded zone. When 
this wave strikes the station capacitance, reflection 
takes place and the resultant voltage is given by 
Equation (2) as 

| bE 


8 () G3 10 
i : 1+K Ex ( ) 


The refraction index b is given by the upper set of 


curves in Fic. 12, while the lower set of curves gives a 
front factor a such that 


t2=a f=time tocrest of resultant voltagesurge (11) 


Hence the curves in Frc. 12 locate the crest and the; 


time to crest of the resultant voltage at the station. 


If this point is higher than the station level, a flash- 


over or breakdown will occur. A protective device, 
to be effective, must have a volt-time characteristic 
which protects the station insulation for an average 
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Fig. 11. Geometric factors for cable with round or sector conductors (Simons) (17) 


Geometric factors may be obtained by calculating the ratios (T +4) /d and t/T (d being defined in this case for sector cables as the diameter of a 


be the correct geometric factor for a round-conductor cable. 
factor obtained from the lowest curve. 


‘round conductor of the same area as the sector), and then reading the required value of geometric factor from a curve above. The value thus obtained will 


For sector conductors the values so obtained should be multiplied by the sector correction 
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tate-of-rise of wave front at the station as defined by 
be and af. Three special cases will be investigated, 
for the sake of illustration, on a 138-kv line with 
eight-unit insulator strings, station capacitance of 
C=0.001 microfarads, and for waves 0.50.5 (chop- 
ped), 1X5 (short) and 1.540 (long). To facilitate 
the mathematical analysis, the length L of the 
equivalent triangular wave in Fic. 12 is taken as 
twice the length to half value of the foregoing standard 
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for the required time. The shielded zone will act 
as a surge impedance until eliminated by successive 
reflections. Assuming that a single reflection is suffi- 
cient to eliminate the surge impedance of the inter- 
vening distance, the criterion for the length of the 
shielded zone becomes : : 


(Length in feet) ——— (Time to flashover of line 


in microseconds) (12) 


Even allowing for as much as five microseconds ‘for 


the line to flashover, the shielded zone need not be. - 


longer than 2500 ft, or half a mile, if lightning arresters 
are used at the station. Se | 
In addition to the shielded zone over the line, it is 


necessary to provide suitable shielding of the station: 


itself, either by masts or a screen of ground wires. 
Here the requirement is to include all vital operating 


equipment within the protective cones of the pro- 
jecting masts and ground wires. The protective cone 


may be taken with a base radius equal to twice the 
height of the projection. It is desirable to place masts 
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resistance discharge path to earth, reduce 
the surge voltage entering the station to a 
value that is safe for apparatus. Therefore the effec- 
tiveness of an arrester may be expressed in terms of 
its IR drop, plus the Ir drop of its ground. The 


a | IGHTNING arrester by providing a low- 


arrester voltage is 


2 (R+r) F 
Z+R+r 


CA 
in which 


R=Instantaneous resistance of the arrester 


The ideal material, following the hyperbolic law 
would have an exponent of unity and a constant not 
appreciably greater than normal operating voltage. 
There are, however, practical limitations as to how 
closely the ideal materia can be approached. — 

Any arrester must dissipate the heat caused by its 
I?R loss. Arresters in general are designed with valve 
characteristics to limit the magnitude of power follow 
current and to stop the flow of follow current at the 
first current zero after an impulse has been discharged. 
Arresters which pass the standard duty-cycle test 
have ample heat storage capacity to meet these 


or ground wires on, or even outside, the boundary 


| 
| 
| 
| Bee (steN 4 aoe 
| ie Ee) of the station equipment so that no piece of appa- r = Arrester ground resistance requirements. Any abnormal voltage condition which | 
/ | 5 g ratus or bus is exposed to low lateral strokes. The Z = Surge impedance of the line causes the arrester to break down and pass system } 
vt 5. grounds of the station shield, as well as of the in- ec = Voltage of the incident wave current continuously will cause heating in the arrester, | 
| al: coming ground wires, should be solidly tied to the From this equation it is evident that the ground and if sustained will damage the valve elements. | 
| 3/3 station ground so as to gain the advantage of the resistance should be kept to a minimum. To prevent It becomes obvious, therefore, that arresters must | 
| a lowest existing ground 7 and to prevent differences of the Ir ground drop from appearing on the apparatus be given a rating which is the maximum power 
ee -—x miles shigided zone— surge potential between the shield and the other the arrester ground should be tied solidly to the voltage that can be placed on them and at the same 
E 2 Ground wire grounded parts of the station. Apparatus eround. time assure proper operation. , 
Where it is found necessary or desirable to obtain The secondary function of an arrester is to prevent An arrester may be subjected to overvoltages due 
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Fig. 12. Chart for determination of shielded zone 


waves. Then for the different waves and different 
lengths of shielded zones there are: 


Chopped Wave Short Wave 
1540 i 0.5 X0.5 930 kv 1X5 
K =0.0006 K =0.0003 
FIZC = 55 x0.001 ~ FIZC = sco X0.001 2 
nia (ab Raa ine eae 0.5 1 2 1 i) 5 
CCV) SoaRe ee 1050 800 540 726 505 388 


1 (microseconds)| 0.73 0.96 1.43 | 12.8 184 24.0 
V fig cheats stare sco 146 1.92 2.86.) 12.8 184 24.0 


3 5 10 


the best available lightning protection in important 
stations, expulsion protective gaps installed at the 
line end of the shielded zone limit the magnitude of 
the wave which can be transmitted over the con- 
ductors to the station arresters, and will result in a 

lower level of voltage in the station. 
In some cases it is difficult to install an effective 
shielded zone for the required distance from the 
station. Expulsion protective 


Long Wave a 1 
780 kv 1.5 X40 gaps installed on all structures 
K =0.00016 for a distance of approximately 


ieee 
#120 == 539.0012 One-half mile from the station 
will provide parallel paths to 
567 480 ~«©«034g.~SCs ground for the lightning currents 


110 1380 180 = and will redu i 
Ht oe ce the severity of 


the flow of power current to ground after. having 
discharged the impulse current. It becomes evident, 
therefore, that an arrester should have low imped- 


‘ance to surges and high impedance to normal power 


voltage. McEachron“) has pointed out the desira- 
bility of a lightning arrester having a hyperbolic 
characteristic 


= RI =constant 


Such an atrester would hold constant voltage regard- 
less of the magnitude of surge current, and would 
not allow the surge voltage to rise appreciably above 
normal operating voltage. McEachron™) has de- 
scribed Thyrite material!) which is used in modern 
arresters. This material possesses the characteristic 


to runaway generators (170-180 per cent when Tirrill 
regulators are used in the field or not over 140 per cent 
when modern regulators are used); to long switching 
surges of relatively low magnitude (twice normal); 
to unbalanced. fault conditions; and, on isolated 
neutral system, to arcing ground faults. It is not 
feasible to provide arresters with sufficient heat 
storage or dissipating facilities to withstand sustained 
arcing ground conditions. The use of a Petersen coil 
should reduce the severity of the duty placed on the 
arrester. However, selecting the arrester’s maximum 
line-to-ground rating so that it is above the system- 
frequency overvoltages caused by runaway gener- 
ators or line faults, will avoid damage from such 
overvoltages. The arrester will reduce switching 
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From tabulations of this kind it is easy to ascertain 
the crest voltage and average rate-of-rise of the surge 
at the station for different waves and different 
lengths of shielded zone. This enables the designer 
to examine the protective ability of different devices 
in the light of the size and shape of the surge imposed 
on the station. 


When lightning arresters are used, the object of the. 


discharging a part of the direct- 
stroke currents to ground, the voltage wave will 
be chopped and its length greatly reduced, so that 
protection will be obtained for strokes which might 
otherwise result in damage to station equipment. 
Expulsion protective gaps used in this way will be 


most effective with low ground resistance. The gain 
in protection in either of the above cases is greatest - 


for highly insulated lines such as wood-pole lines 


where 


C=A constant determined by the physical shape 
and size of the material 
a=An exponent which is elorachometic of the 
material 
(19)‘Thyrite, a New Material for Lightning Arresters,’ ee DY i. bs 
McEachron, A.J.E.E. Trans. vol. 49,.no. 2, April 1930, pp. 410-420. 


(20)'‘Performance of Thyrite Arresters for Any Assumed Form of 
eee uDe Wave and Circuit Arrangement,”” by K. B. McEachron and 


harmful to apparatus insulation. 

The maximum line-to-ground rating of the arrester 
to be used on any particular system depends on the 
operating conditions. On solidly grounded systems 
it is present-day practice to select the maximum 
line-to-ground rating which is approximately 1.4 
times the normal line-to-ground voltage. On isolated 
neutral systems the maximum line-to-ground rating 
is at least 1.73 times the normal line-to-ground voltage 
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fault. While it is true that an arrester on an isolated 
neutral system may be subjected to runaway gener- 
ator voltage at the same time a line-to-ground fault 
exists, it is not customary to provide a factor of 
safety in the arresters to withstand both conditions 
simultaneously. If they do occur simultaneously, 
there is likelihood of damaging the arrester. 

It is clear from the foregoing that the rating of 
the arrester used is of necessity based on the system 
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operating conditions. A well-regulated grounded- 
neutral system permits the use of the lowest rating 
of arrester and assures the utmost protection. 


The impulse voltage held by any arrester is a 


function of its 60-cycle rating. For example, an 


arrester which has a maximum rating of 25 ky haswe 


an IR discharge voltage of 68 kv at 1500 amp 


whereas a 50-kv arrester will have an IR discharge 
voltage of 136 kv at 1500 amp. Hence the impulse. 


(lee ee Ee ie eee ee Beem 
a EAT at Oss of ling paving pe Number of standard 11.5-kv. Beep eacs 
soo} — | lla ie pg cues abe cee aaa 
— = | i na is 
5 SERRE RERERED? 6228262 a8= 
soot} TAME SSe HERES SZ a! a 2as 2aeSe cl 
, RAMS e SSeS ce sees ee a 
eS eae : Septet 
PCC eee ee ee 
BS ese te sae rae eae ea eee 
os Se eee eee see s= ee see eee ann 
o ee ee ae ae ae ee ee oe 
ees eeeges5 e282 a5 ak ama 
aia Ager ee | ee le ee eee 
: FH er ee oma 
Ae = see ee eaeell ss eras Sa Oe a 
4 SV ZeZeZee 2 63S] awa== sao 
§ 300 Cee ae ee ee ee ee 
pS ee ee 
ur nny Zesaou SE ces EN Fes Oy a oe ee ee | 
Yor tt nis |} 
200 Vee pa ee a ee een es ee ey ee ee 
A jee Ss 2S Sai — simi ses = _| | j++ 7+ |] [| 
4S SSS SS | et 
a Ze = 2S oe oe Rese sae ee 
am =e eee eee 


00 
1 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 


E, traveling wave voltage kv 


Fig. 13. Protective performance of Thyrite arresters located at the end of a line 
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E, traveling wave voltage kv 


Fig. 14. Protective performance of Thyrite arresters located at an intermediate point along a line 
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level held by an arrester for the A.I.E.E. surge test 


136 : 
0am is( =) about twice) the crest ratin 
of 1500 amp 50 4/9 ( ) g 


of the arrester). 


..-., To obtain the voltage held by an arrester for any 
"" Salue of traveling wave, it is convenient to use curves 


in Fics. 13 and 14, in which the arrester voltage is 


- plotted against the incident traveling wave, for the 
| two most usual cases which are: 


(1). A wave arriving over a single '500-ohm line. 


_ (2). A wave on a 500-ohm through line. 


| The voltage level permitted by the arrester may 
be a function of the arrester-gap breakdown as well 
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Fig. 15. Protection afforded by arresters at different distances 


(These curves are based on a traveling wave of 1000 kv per micro- 
second, an arrester voltage of 40 kv per unit, and a zero capacitance at P. 


(Example: Twelve Thyrite arrester units will hold 680 kv 100 ft away and © 


480 kv at the arrester.) 


(a): Solid curves are used for an arrester on the line side of a protected 


point. 
(b): Dash prolorigations are used for arresters on the far side of the 


protected point 


as the IR discharge voltage, hence this should be 
taken into account when determining the protection 
level. The arrester gap prevents overheating of the 
valve elements under normal operating condition. 

In order that the arrester may be most efficient, 
it should be placed as close as possible to the 
apparatus it is to protect. Fic. 15 shows the effect 
of installing the arrester at some distance from the 
point to be protected for a rate of rise of 1000 kv per 
microsecond and complete reflection. If the arrester 
is on the line side of the equipment to be protected, 
then the apparatus cannot be subjected to more than 
double the arrester voltage; but if the equipment 
to be protected is on the line side of the arrester, 


then the voltage to which it may be subjected is 
not limited to double the arrester-gap breakdown 
voltage. Incidentally, these curves show that the 
influence of an arrester does not extend out from the 
station for more than a span or two, and therefore 
an arrester has no significant effect in reducing 
the line flashovers as was considered in the section 
devoted to attenuation and reflection. The voltage 
at the protected point, a distance of X feet from the 
arrester, and for an incident wave having a rate of 
rise of E per microsecond is 


2X 
eat To99 ~ 
in which e, is the arrester-gap breakdown voltage. 
After several reflections the voltage at the protected 
point equalizes to the value held by the arrester. 

In the application of arresters for the protection 
of power stations, the arresters are usually placed on 
the line side of all equipment so that they will protect 
all the apparatus from incoming voltage surges. 
Then, also, the capacitance of the apparatus is usually 
instrumental in reducing the voltage crest of the 
succession of comparatively short-duration reflections 
between the apparatus and the arrester. 


The Co-ordinated Protective Plan 

Co-ordination consists in a judicious matching of 
the volt-time flashover and breakdown characteristics 
of equipment and protective devices, in order to 
obtain the maximum margin of protection consistent 
with good economies and noninterference with other 
operating conditions. The characteristics of the 
individual equipments and protective devices have 
been described in the previous sections. Jt is now 
necessary to consider them in the aggregate and to 
study. the possibilities for the most suitable form of 
station protection. Essentially, the problem reduces 
to a comparison of the volt-time flashover or break- 
down characteristics with one another and with the 
resultant impulse waves at the station. This is best 
accomplished by plotting all curves on a single 
volt-time diagram. In making a selection of the 
protective devices there is ordinarily a distinction 
between the case in which a protective scheme is to 
be worked out for an existing station, and that in 
which a new station, or even system, can be laid out 
with a view to obtaining the most satisfactory 
protective plan; there are, of course, many cases 
between these two extremes. 

A typical set of volt-time curves for the 1.540 
wave is shown in Fic. 8 for a 138-kv system. The 
relation between line flashover and the allowable 
impulse voltage on the transformer insulation, as 
well as the level of impulse voltage held by the 
station arresters is shown. It should be noted that 
there are three arrester curves shown. The upper 
curve is for a nongrounded arrester having a maximum 
line-to-ground rating of 145 kv which is required 
where the system neutral is allowed to shift 100 
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per cent of leg voltage above ground, resulting in 
73 per cent rise in line-to-ground voltage. The second 
curve is for a grounded-neutral arrester having a 
maximum line-to-ground rating of 121 ky and a 
factor of safety of 51 per cent above leg voltage. 
The lower curve is for a grounded-neutral arrester 
having a maximum line-to-ground rating of 109 kv 
with a 386 per cent factor over leg voltage. It is 
immediately apparent that the well-regulated system 
con use the lowest rated arrester, thereby obtaining 
Savings in both the arrester and the required trans- 
former insulation. 

Based on experience and laboratory tests it is 
desirable to maintain a protection level which does 
not exceed 80 per cent of the apparatus strength 
as demonstrated by factory impulse tests. : 

Plain air gaps are sometimes contemplated as a 
means of protecting stations. For this reason a rod- 
gap curve has been included in the volt-time charac- 
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teristics shown in Fic. 8. The 19-in rod gap shown 
has the same flashover voltage as the voltage held 
by a 12-unit arrester (the highest arrester rating 


used on a nongrounded 138-kv system) on the maxi- | 


mum rate of rise occurring in the station f 

rom 
1.5X40 wave at S. : 
It may be seen from the 19-in. rod-gap curve that 
its flashover on 60 cycles wet or dry is so low that its 


use as a means of protection would result in an exces=. - 


sive number of outages on switching surges. 


Summarizing, then, it appears’ that the most 


effective method of station protection consists of 


the modern lightning arrester, ground wires for half — 
a mile out on all incoming lines, adequate shielding 


of the station by ground wires or masts, and low- 
resistance station grounds. In many cases station 
capacitance is of sufficient magnitude to include its 


effects. In addition, expulsion gaps may be used at ~ 


the entrance of the shielded zone. 
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Insulation Co-ordination and Protection of 
PowerTransformers Against Impulse Voltages 


Experiences leading to co-ordination movement — Purpose of insulation tests — 
ney Dielectric characteristics of insulation and air gaps — Standard test levels 
ae / and impulse tests—Protective means and arrangements 


By V. M. MONTSINGER 


Power Transformer Department, Pittsfield Works 
General Electric Company 


| HE term insulation co-ordination means in 
; ea broad sense the establishment of levels of 


insulation strength of various pieces of ap- 


paratus or parts of apparatus on a system so that they 


are related to one another and to the voltages to 
which they may be exposed. 

The methods used to effect co-ordination, as well 
as the insulation levels, may vary widely, depending 
upon conditions. For example, there appears to be a 


3 trend toward selecting the insulation level of some 
future transformers in accordance with. the level of 


protection that can be provided in service rather than 


‘in accordance with the rated circuit voltage alone. 


On the other hand, in the case of transformers 
which have been in service for some time, their 
insulation levels are, of course, already established 
and co-ordination means providing the best possible 
protection at a minimum of cost. Obviously, for the 
latter cases the factor of safety may vary depending 


upon the degree of protection that can be provided 


and the level of insulation to be protected. 

The parts whose relative levels of insulation require 
consideration are: transformer windings, transformer 
bushings, station bus, and adjacent portions of the 
transmission line, perhaps in some cases rod gaps at 
the station, and finally protective devices like lightning 
arresters. Since the question of station protection has 
been fully covered,“ only the co-ordination and 
impulse characteristics of the transformer windings 
will be considered in this article. 

Though simple in theory, successful application of 
‘nsulation co-ordination has required years of research 
both in the laboratory and in the field, for, obviously, 
to carry out such a program successfully requires a 
thorough knowledge of the character and magnitude 
of the different types of overvoltages to be contended 


with, and of the characteristics of various types and 


arrangements of insulation for the different types of 
overvoltages. Both laboratory and field experience 
have forced attention to the fact that a transformer 
properly co-ordinated for one type of overvoltage 
(arcing grounds, switching surges, etc.) may not be 
properly co-ordinated for another type of overvoltage 
(lightning, etc.). 

(1)*Protection of Stations Against Lightning,’ Part I and Part II, by 


L. V. Bewley and W. J. Rudge, Jr.,. GENERAL ELECTRIC REVIEw, vol 40, 
nos. 8 and 9, Aug. and Sept. 1937, pp. 363-371 and 429-431. 


Experiences Leading to the Co-ordination Movement 

Systematic efforts at insulation co-ordination of 
transformers may be said to date from about 1926. 
Previously, the insulation design of transformers was 
based on the customary low-frequency tests specified 
by the A.I.E.E. Standardization Rules. Little atten- 
tion was paid to the insulation level of the rest of the 
specific system in which the transformer was to be 
installed; and, as for the abnormal voltages to be 
encountered, some provision was made against 
lightning and other relatively little known higher- 
frequency overvoltages by providing extra turn and 
coil insulation. This practice worked out satisfactorily 
in the high-voltage systems for many years, and would 
perhaps have continued to do so except for a departure 
in the line insulation practice as follows: 

In an endeavor to reduce line outages, the line in- 
sulation of some circuits was gradually increased until 
it was considerably above the general average. This 
was done without providing a corresponding increase 
in the insulation level of the transformers; also, 
lightning protection was not always provided. The 
natural result was that transformers having a normal 
level of insulation, when connected to over-insulated 
lines and provided with no lightning protection, did 
not always give satisfactory service. 

Experience within the past few years has demon- 
strated two facts: (a) the most dangerous abnormal 
voltages are caused by lightning; and (0) the level of 
the line insulation (at least that part of the line 
adjacent to the station), together with the tower- 
footing resistance, determines the lightning voltage 
reaching the transformer. Switching surges and arcing 
grounds are now recognized as of secondary impor- 
tance in territory subject to lightning, and the idea of 
the transformer insulation level being determined 
by a low-frequency. test which bears a definite direct 
relation to the circuit voltage is being abandoned. 

Consideration is given in the following pages to 
the purpose of insulation tests and the characteristics 
of insulations and air gaps when subjected to both 
short and long impulse waves. The latest proposed 
standard insulation test levels are given. This is 
followed by a general consideration of the problem 

of testing transformers with both long waves and 
steep-front waves (simulating direct strokes of 
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lightning) finally, considerations showing how to 
obtain various degrees of protection—that is, from par- 
tial to complete protection of transformers—are. given. 


Purpose of Tests 

Low-frequency Tests. Until about 1926 the only 
means used to determine the insulation strength of 
transformers were the low-frequency tests—an ap- 
plied voltage and an induced voltage test. These tests 
served and still serve a useful purpose. Field experi- 
ence forced on the industry the fact that something 
more must be done to determine the insulation strength 
with respect to lightning. This gave rise to the co- 
ordination movement and the present Impulse Test. 
Code prescribed by the A.I.E.E. resulted. 

Impulse Tests. The purpose of impulse testing 
transformers is primarily to establish a demonstrated 
impulse level of transformers so that users can be 
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Fig. 1. Volt-time curves of insulation, showing the crest values of a 
1.5 X40 impulse wave (positive or negative) plotted against the time 
to breakdown of solid insulation or solid insulation and oil in 
series (simulating the major insulation in a transformer) 
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assured of obtaining transformers on a-comparable 
basis, and so that the operator can plan the installa- 
tion and protection with some assurance that the 


_ transformer will not fail in service because of lightning. 


The latest proposed insulation levels and the general 
procedure for impulse testing power and distribution 
transformers are given later. 


Dielectric Characteristics of Insulation and Air Gaps 

Volt-time Curve of Insulation. Finite time is required 
to cause breakdown of an air gap or insulation: 
the higher the voltage, the shorter the time necessary 
to cause breakdown. If the impulse strengths of all. 
insulations varied to the same degree with time of 
voltage application, the co-ordination problem would 
be a relatively simple matter, but this is not the case: 
and to co-ordinate intelligently the various kinds af 
insulation requires the dielectric strength vs. time or 
volt-time curve characteristics of each kind of insu- 
lation and protective apparatus. 


3 In their volt-time behavior, transformer insula- 
tions differ radically in three respects from those of 
rod gaps, insulators, bushings, etc., whose flasho 
insulating medium is air. a 

Shape of Curve. In the first place, the shape of th 
volt-time curve of insulation is quite different fom 
that of the volt-time curve of an air gap. For example 
the insulation volt-time curve is flat (Fic. 1) front 


about three microseconds on—for~ many wmicro- 
seconds. For short times, however, the curve bends Be 


up similarly to that of the air gap. As an air-gap Vvolt- 


time curve starts bending up at longer time to flash- : 


over, this means that as the time to flashover of an 


air gap decreases (by the application either of steeper 


front waves or of higher voltages than just sufficient 
to cause flashover with a full wave) the kv at flash- 
Over 1s increased and the ability of a gap to protect 


the transformer winding decreases: for very steep 


waves (direct strokes) it may disappear completely 
(Fic. 3) with the result that the transformer fails if 
protected only by an air gap. | 

Effect of Repeated Voltage Applications. In the second 
place, unlike an air gap, the breakdown of insu- 
lation is decreased under repeated voltage applica- 
tions. Tests have shown that on a full 1.540 wave 
the tepeated voltage strength of insulation or the 
injurious corona point ranges anywhere from ap- 
proximately 70 to 90 per cent of the single-shot 


breakdown, depending on the kinds of electrodes — 


used. For bare electrodes with sharp edges corona 
may start (though not necessarily be injurious) as 
low as 60 to 65 per cent while for well insulated 
electrodes corona may not start until about 90 per 
cent of the single-shot breakdown strength is reached. 
In the latter case when corona starts it is usually 
injurious. For average conditions it can be assumed 
that injurious corona (or breakdown—if subjected 
to sufficient number of shots) occurs at approximately 
80 per cent of the single-shot breakdown value. This 
applies to either solid insulation or solid insulation and 
oil in series. | 

It follows, therefore, that. the single-voltage break- 
down value of the transformer must be at least 125 
per cent of the impulse kv applied at the factory, 
because when an impulse voltage above the repeated 
voltage strength is applied, even though failure does 
not occur, injury may result. : 

The repeated-voltage volt-time curve, Frc. 1, there- 
fore provides a gauge for determining the maximum 
kv that can be applied during tests for any wave front 
or for any time to flashover maintaining a constant 
factor of safety. 

Maximum Time to Breakdown on Full Wave. In the 
third place, solid insulation has the peculiar charac- 
teristic that the time at breakdown by puncture sel- 
dom occurs very much after the crest of the wave is 
reached; that is, for a 1.540 wave the minimum kv 


breakdown time will seldom occur beyond two or three 


microseconds, whereas for an air gap it may be as 
much as eight to ten microseconds well down on the 
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wave tail. Hence, the two controlling factors in the 
breakdown of insulation by an impulse wave are: 
(1) rate of rise of front, and (2) the amplitude of the 


wave. In other words, the slope of the wave tail 


appears to have a negligible effect on the breakdown 


| 225° ey. Just why the large differences occur in these 

times to breakdown is not clearly understood. On 
- the other hand, failure of insulation by creepage over 
the surface may. occur well down on the wave tail, 


similar to the flashover of an air gap. 


. Impulse Ratio of Insulation. The ratio of the im- 


pulse full-wave kv strength to the one-minute 60- 


eycle kv crest breakdown strength is usually termed 


the impulse ratio of insulation. To be logical the im- 
pulse ratio should be based upon the instantaneous 
60-cycle strength, but this is not practical owing to 
the difficulty in obtaining reliable low-frequency 
breakdown values for times less than one minute. 

- Even under the foregoing definitely defined con- 
ditions the impulse ratio varies considerably depending 


partly upon 


(1). The shape of the electrodes. 
(2). The arrangement of the insulation. 
- (3). The condition of the material, because the 
: time test (one minute) is apparently affected 
more by temperature and moisture than is the 


impulse test. 


Various tests have shown that the impulse ratio 
for a 1.5X40 wave and 60-cycle wave ranges from 
2.2 to 3. The writer reported a ratio of 2.35 for a 
14-in. pad consisting of two sheets of 7g-in. pressboard 
in series with three 1-in. oil ducts. Vogel reported) 
a ratio of 2.2 for relatively thick insulation barriers 
of pressboard and oil in series. | 

Fic. 2 shows a ratio of 2.6 for two 3;-in. pressboard 
sheets separated by 7-in. oil duct, and Fic. 22 
in one of the previous articles“) shows 3.1 for 
a single 3;-in. pressboard sheet. Bellaschi and Teague 
show a ratio of 3 for a 0.056-in. sheet of pressboard 
and approximately 2.5 based on the flat part of the 
volt-time curve for a 14-in. oil gap. 7 

Various tests made on complete transformer wind- 
ings have given impulse ratios varying from about 
2.2 to 3, the general average being approximately 2.6. 
This applies only to single-wave impulse strengths of 
major insulation. 

Where internal oscillations are permitted—for 
instance, in unshielded transformers—not even an 
approximate value can be stated for the impulse 
ratio of the internal insulation under service conditions 
for the reason that there is no definite relationship 
between the 60-cycle and impulse stresses. 


(2)“‘Co-ordination of Insulation,’ by V. M. Montsinger, W. L. Lloyd, Jr., 
and J. E. Clem, A.I.E.E. Trans., vol. 52, no. 2, June 1933, pp. 417-427. 

(3)“Factors Influencing the Insulation Co-ordination of Transformers,”’ 
Part II, by P. L. Bellaschi and F. J. Vogel, Electrical Engineering, vol. 53, 
no. 6, June 1934, pp. 870-876, and Discussion, vol. 53, no. 10, October 1934, 
pp. 1401-1407. : 

(4)*Factors Influencing the Insulation Co-ordination of Transformers,” 
by F. J. Vogel, A.J.E.E. Trans., vol. 52, no. 2, June 1933, pp. 411-416. 

(5)“Impulse Voltage Strength of Insulators and Materials,’’ by J. C. 
Dowell and C. M. Foust, GENERAL ELECTRIC REVIEW, vol. 40, no. 3, March 
1937, pp. 141-152. 

(8) Dielectric Strength of Transformer Insulation,’’ by P. L. Bellaschi 
and W. L. Teague, Electrical Engineering, vol. 56, no. 1, Jan. 1937, pp. 164-171. 


Under repeated voltage applications the impulse 
strength of the major insulation is obviously lower 
than 2.2 to 3 times the 60-cycle one-minute strength, 
the reduction depending upon the difference between 
the impulse single-voltage application and impulse 
repeated-voltage application strengths of the insula- 
tions involved. Since, therefore, the repeated-impulse 
voltage ratio of insulations will range from about 
1.75 to 2.4 (80 per cent of 2.2 to 3), it can not be said 
that there is any definite impulse ratio for all trans- 
former insulations. 


Standard Insulation Test Levels 
The following gives the latest proposed standard 
insulation test levels for power and distribution 


transformers. 


Insulation Level 

Table I gives the preferred standard relationship 
between the established rated circuit voltages and 
corresponding limits of rated transformer voltage, 
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Fig. 2. Volt-time curve of single-shot breakdown of two y-in. 
pressboards and y-in. oil duct in series in oil at 25 C 


and the standard insulation level for distribution 
(500 kva and less) and power (larger than 500 kva) 
transformers. 

The standard insulation levels are expressed in 
terms of the chopped-wave impulse test voltage with 
minimum time to flashover, the full-wave impulse 
test voltage, andthe low-frequency test voltage. The 
impulse test voltage is the crest value of the standard 
impulse test wave. 


Choice of Insulation Level 

The insulation level for a given installation should 
be selected in accordance with the operating condi- 
tions, the volt-time performance characteristic of 
the protective equipment, and economics. 

The choice of insulation level should be limited 
(for the purpose of standardization) to one of the 
recognized levels, depending upon the level of pro- 
tection that can be provided. 


Bushing Characteristics 

Table II gives the standard minimum values of 
impulse flashover voltage (full wave) with the posi- 
tive 1.5xX40 microsecond wave, and the 60-cycle 
dry and wet flashover voltages, for bushings of 


(7)Insulation Strength of Transformers,” Transformer Sub-Committee 
of A.1.E.E. Committee on Electrical Machinery, Electrical Engineering, 
vol. 56, no. 6, June 1937, pp. 749-754. 
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distribution and power transformers. These values 
are for standard atmospheric conditions. 
Standard atmospheric conditions are: 


Air temperature...... 25'S 
Barometric pressure. ..760 mm Hg 
Vapor pressure....... 0.6085 in. Hg 
Precipitation (wet flashover tests only) 
Angle of fall.........45 deg 
Water resistivity... .12,000 ohms per cm cube 
Quantity. 35s 0.1 in. per min. 


Standard Impulse Tests 

The standard impulse test consists of two applica- 
tions of a chopped wave followed by one application 
of a full wave. Either a positive or a negative 1.540 
impulse wave may be used. 

Chopped Wave. For this test the applied voltage 
wave shall have a crest voltage and time to flashover 
in accordance with Table I, columns (3) and (4) or 
columns (6) and (7) respectively, for distribution 
transformers (500 kva and less) or power transformers 
(larger than 500 kva). 

The chopped wave shall be obtained by flashover 
of the bushing or of an external rod gap. 

Full-wave. For this test the applied voltage wave 
shall have a crest value in accordance with Table I, 


~ 


‘column (5) or column (8) respectively, for distriby- 


tion and power transformers. 


Connections During Tests ; 


General. ‘The tests shall be applied to one termine 
at a time. | 


Terminals to be Tested 


(a). For three-phase transformers the test shall 
be applied to line terminals only. 


(b). For single-phase transformers the test shall 


be applied to each line terminal. 


Other Terminals on Winding Being Tested} 


(a). Three-phase transformers. The other phase - ; 


terminals shall be shunted to ground by a 
gap or protected by appropriate means. 
(b). Single-phase transformers. 


(7). If designed for grounded-neutral Operation ee 


the neutral shall be grounded. 

(2). If designed for isolated-neutra] operation 
the other terminalshall be shunted to ground 
by a gap or protected by appropriate means. 

(c). Autotransformers. The other line terminal 
or terminals, shall be shunted to ground by ‘ 
gap or protected by appropriate means. 


| TABLE I 
STANDARD INSULATION LEVEL—DISTRIBUTION AND POWER TRANSFORMERS 


a, 


Upper 
Rated Limit DISTRIBUTION TRANSFORMERS POWER TRANSFORMERS elie 
es gta es eee UAE ca ower eaeria me a Bull dest” 
: ; See ve ulle 
rai | ewe [mamas | | vo eee | ae | 
@) Oe NFO. |. Oe elt Oe a 
(volts)* (kv) ** (kv) . (a) de) ) a @) es 
120 } 
240 
| 1.2 36 1.0 
oe 30 69 1.5 
480 60 10 
2,400 2.5 59 
yee 1.25 50 ee has ees 15 
4,160 ; 
4,330 5.0 6 
ee 9 1.5 60 88 16 76 19 
6,900 8.66 88 1.6 76 110 1.8 95 26 
11,500 
eee } 15.0 110 1.8 95 130 2.0 112 34 
25,000 25.0 § 180 § 3.0 § 1 
§ 153 180 
84,500 34.5 § 225 3.0 § 195 225 Bt ae a 
46.0 § 290 3.0 § 245 290 3.0 245 a 
oD on oo ete 30 ie ae 0 a ae 
115,000 115.0 625 3.0 540 625 6 en ai 
138,000 138.0 750 3.0 6 
45 750 
161,000 161.0 870 3.0 750 870 = rE on 
196.0 1055 3.0 900: 1055 3.0 900 Se 
230,000 230.0 1210 3.0 
3. 1050 1210 3. 
287,500 287.5 1495 3.0 1290 1495 a0 Sek aa 
1785 3.0 1540 1785 3.0 1540 691 


* These circuit voltages are those agreed u 
site pon by the N.E.M.A.-N.E.L.A. Pref d i i 
lication No. 043, p. 12, and supplemented by the A.I.E.E. Transformer Sabcammureccan ena es Seen Tent tana ae i 23 


hese val i i i 
ues represent the maximum transformer voltage rating normally associated with the corresponding insulation level These figures may be 


used to designate the insulation class. 


New values recommended by the A.I.E.E. Transformer Subeommittee after this article was first published 
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Terminals on Windings Not Being Tested} 
The terminals on windings not. being tested shall 
be shunted to ground by a gap or protected by ap- 


propriate means. 


4 : ‘Standard Impulse Test Wave 


- The standard impulse test wave is a 1.5 X40 micro- 


_ second wave. The front as measured from virtual 
time zero to crest may vary from 0.5 to 2.5 micro- 


seconds, and the time from virtual time zero to the 


point on the tail at which the voltage is half the crest 


voltage may vary. from 40 to 50 microseconds. 


Windings of Very Low Inductance 

(a). Insome cases the inductance of the winding to 
be tested is so low that the discharge current 
required for the chopped wave test is excessive. 

In such cases, if the impulse test is required, 

the terminals may be tied together for making 

the impulse test. For this condition the trans- 
former excitation must be omitted. | 
(b). In some cases it is not possible to tie the 
terminals together for making the impulse 
tests even if the inductance is very low, and in 


tIt is recognized that under certain conditions the gaps on terminals 


not being tested may flash over and may radically modify the applied im- 
pulse wave. Under the conditions where the modified wave does not come 


' within the prescribed tolerance appropriate means shall be used to prevent 


these gaps from flashing over. 


these cases it may not be practical to obtain 
the standard wavelength. In such cases re- 
duced wavelengths may be used, but in no 
case shall the wave be shorter than 25 micro- 
seconds to the 50 per cent point on the tail 
of the wave. 


All grounds are direct except that where a neutral 
grounding impedance is used in service the same im- 
pedance shall be used in test, if available; otherwise 
the neutral shall be directly grounded. | 

All single-phase transformers specified for either 
grounded Y or/and A operation where the neutral 


is insulated for A operation only, shall be tested on 


the Y line end with the neutral end grounded. The 
neutral end shall be tested with the other line end 
shunted to ground by a gap or protected by appro- 
priate means. 

Series-multiple windings shall be tested on both 
series and multiple connections and the windings not 
being tested shall be connected for the highest rated 
voltage during tests on other windings. 

Tap connections (both transformers and auto- 
transformers) shall be made with minimum turns in 
circuit in the winding under test and maximum turns 
in circuit in the other windings. 

The secondaries of current transformers either 


TABLE II 
BUSHING CHARACTERISTICS—DISTRIBUTION AND POWER TRANSFORMERS 


SS inne rms a 
BUSHING FLASHOVER IN Kv** 


Normal Upper 
Rated Circuit Limit of Rated 


DISTRIBUTION TRANSFORMERS (500 KVA AND SMALLER) 


POWER TRANSFORMERS (LARGER THAN 500 KVA) 


eae Tease Impulse * 60-cycle Flashover Impulse * 60-cycle Flashover 
(1) (2) (3) (4) (6) (6) (7) (8) 
120) 
240 63 24 12 
uae 1.2 32 10 7 
600 
2,400 
Sab \ 2.5 53 
4,160 
4/330 5.0 63 26 17 80 38 26 
4800 j 
6,900 8.66 80 38 26 100 48 33 
11,500 119 62 43 
lea \ 15.0 100 51 35 
25,000 25.0 § 162 § 81 §.. 57 162 81 57 
34/500 34.5 § 205 § 110 § 81 205 110 81 
46,000 46.0 § 260 § 143 § 114 260 143 114 
69,000 69.0 § 365 § 205 § 157 365 205 157 
92'000 92.0 BON 265 200 475 265 200 
115,000 115.0 570 325 250 570 395 250 
138,000 138.0 680 385 295 680 385 295 
161,000 161.0 790 440 340 790 440 340 
196,000 196.0 950 530 410 950 530 410 
230,000 230.0 1100 610 475 1100 610 475 
287.500 287.5 1360 725 580 1360 725 580 


345,000 345.0 1620 


an SEE TEA Ba eh ea i gt A eA ct |S SR Rg SRL eDOCS CaS Sm VO en Ln eee tLe coo OOK EN nh Cte rs To eee ete 


* 1.5 X40 microsecond positive wave. 


** All values based on those proposed (8) with —5 per cent tolerance deducted. < ¢ 
§ New values recommended by the A.I.E.E. Transformer Subcommittee after this article was first published. 
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in transformer bushings or permanently connected 
to the windings shall be short circuited and grounded. 

When protective devices are permanently connected 
across series windings or reactors, these protective 
devices shall be connected during test. 


Testing Transformers with Impulses Simulating Both 

Traveling Waves and Direct Strokes 

It is obvious from the foregoing that the testing 
of transformers with impulse voltages in accordance 
with the preceding outline gives no assurance of the 
ability of the transformer insulation to withstand 
steep voltage waves which are not limited in ampli- 
tude. Such unlimited steep waves may result from 
direct strokes on or near the transformer terminals. 


Classes of Waves 

From the standpoint of testing, impulse voltages 
may be divided into two general classes: 

First, waves which do not impose more severe 
stresses (greater kv) than are prescribed in Table I. 

It was upon this class of waves—that is, the 
1.5 X40 positive wave, that the A.I.E.E. Impulse Test 
Code was first set up in 1933.) The measurement of 
the test voltage was determined by a rod gap or test 
gap with standardized spacings for the various low- 
frequency test levels. 

After agreement on the impulse-flashover values of 
standard rod-gap spacings was reached in the various 
laboratories, the Joint N.E.M.A.-E.E.I. Co-ordinating 
Committee recommended that the impulse test level 
for transformers be changed from rod-gap spacing to 
voltage. Initially the rod gap as a voltage-measuring 
device served a very useful purpose because it indi- 
cated that all manufacturers were applying the same 
impulse kv to the transformers. 

Second, waves which impose greater kv values than 
specified under the first condition. (These are gen- 
erally called steep-front waves.) 

In general, the first class is associated with traveling 
waves, and the second class with direct strokes on 
the terminals or on nearby circuits. 

If steep-front wave tests are to be standardized, 
further consideration must be given to the factors 
involved in such tests. For example, one important 
factor is whether the rate of rise on the front of wave 
shall be the same or different for different voltage 
ratings of transformers. The present knowledge of 
direct strokes indicates that the rate of voltage rise 
is not constant over the whole front of the wave, being 
lower at the initiation of the wave and therefore 
probably the rate of rise corresponding to the most 
severe waves would have a lower value for lower rated 
circuit voltages than for the higher circuit voltages. 


The importance of this factor is contingent on the. 


amount of turn-up in the volt-time curve of insulation 
since the rate of rise determines the kv to be applied 
for short times. 


(s)‘‘Progress Report on Impulse Testing of Commercial dseustor mers, 
by F. J. Vogel and V. M. Montsinger, A.I.E.E. Trans., vol. 52, no. 2, June 
1ege: pp. 409-410, and “Impulse Testing of Commercial Transformers,” 
by F. J. Vogel and V. M. Montsinger, Jilectrical Engineering, vol. 52, no. 1 
Jan. 1933, pp. 9-11. 


The suggestion has been made that a wave whose 
rate of rise is 1000 kv per microsecond be used for 
steep-front wave testing of transformers of all voltage 
ratings. 

If the 1000 kv per microsecond wave front should 
be standardized, then for 230-kv circuits, the test 
wave front would probably be of the same order as 
that of the front of the 1.540 wave used at present. 


But for low-voltage circuits the time to flashover 
would be very much shorter. For example: for an 


8.66-kv rated transformer the time to flashover of 


either the test gap or bushing would be of the order 


of 0.1 microsecond. Obviously, if the rate of rise is 


lower at the beginning of the wave front the 0.1~ 


microsecond time is shorter than would be opie 
under service conditions. 
The other important factor to be settled is: the 


establishment of kv values to be applied to the 


transformer when the time to flashover of the gap 
(which chops the wave) is less than about two or 
three microseconds. 


Polarity of Waves 

As laboratory tests have shown that the breakdown 
strength of transformer insulation is the same (in 
kv) for both positive and negative waves, and as 
the impulse test level is now specified by voltage, 
for test purposes, it is immaterial which polarity of 
wave is used. 


Required Characteristics of Test Gap for Front-of-wave 

‘Testing 

For front-of-wave testing it would, of course, be 
necessary to limit the kv applied to the windings to 
some specified value by flashing over an air gap con- 
nected in parallel with the apparatus under test. The 
air gap then becomes a voltage indicator and must be 
set in accordance with the required kv values—that 
is, the gap spacing is not the prime standard for the 
test. At the present time the sphere gap appears to 
offer the best means of controlling the kv values ap- 
plied to the transformer winding as it chops the wave 
off clean whereas there usually is some bend-over 
when a steep-front wave is chopped by a rod gap. 


Typical Volt-time Curves for 138-kv Transformers, ete. 

Typical curves for 138-kv transformer winding, 
insulator string, 42-in. rod gap (formerly used as a 
test gap), sphere gap, and Thyrite lightning arrester 
are shown in FIG. 3. 

The significance of these curves is that if a rod 
gap in air is set to give a reasonable margin of safety 
for a long impulse wave (1.540) this margin be- 
tween the gap and the transformer winding con- 
stantly decreases as the waves become shorter and 
steeper. For very short waves the margin may dis- 
appear altogether. 

It will be noted that the volt-time curve of insula- 
tion is quite similar in shape to the volt-time curves of 


both sphere gaps and lightning arresters—all being 


108 


ne ——— —__________ 


ie 


quite flat except that they bend up slightly for wave 
fronts shorter than approximately two microseconds. 


The increased voltage of the sphere-gap curve is 


caused by time-lag while on the lightning arrester 


‘ ... itis. due mainly to the higher currents resulting from 


the increased voltages allowed by the line insulation 


| 7 for. shorter times. 


. Therefore, to protect the transformer insulation 
inst steep-front waves it is necessary to provide 


. protective apparatus having relatively flat volt-time 
curves, such as are Brey dles by the Thyrite lightning 
‘arrester. 


Limitations of a Sphere Gap and of a Lightning Arrester 
Sphere Gap. The sphere-gap flashover when wet, 
with power-frequency potential applied, may be as 


low as one-third the dry flashover; while the impulse 


flashover wet or dry is practically equal to the 60- 
cycle dry flashover except for extremely steep waves. 
This means that the margin between the sphere-gap 
impulse flashover and the insulation failure is set by 
‘switching transients under wet conditions. If switch- 
ing transients below four times normal are not to 
flash the gap when wet, the gap could not be set at 
less than twelve times the normal dry setting. If a 
margin of 25 per cent between the tested strength of 
the transformer and the sphere gap flashover is 
assumed, then the transformer test gap would have a 
flashover of more than fifteen times normal which 
would require insulation much in excess of that now 
used. Thus the sphere gap, if used, would have to be 
kept dry or the effect of the water would have to be 
eliminated in some manner. This, at the present state 
of the art, seems impractical, and, therefore, reliance 
must be placed on some other form of protection. 

The gaps just referred to also have the objection 
that they do not possess the ability to prevent flow 
of system current after flashing over. 

Lightning Arrester. A lightning arrester will suc- 
cessfully discharge some direct strokes, but should 
not be depended upon for complete protection for all 
direct strokes, or for withstanding continuous dis- 
charging from prolonged arcing grounds. 


Protective Means : 

Based upon the overvoltages which might be 
expected, it is clear that it is necessary to protect 
power transformers from both direct strokes of 
lightning and traveling waves. Complete protection 
of transformers against these lightning voltages will 
also result in protection against switching and arcing 
ground surges. There are, in general, five methods of 
protection, some of which may be used separately 
or in combination depending upon the degree of pro- 
tection desired by the operator. These are: 3 


(1). Interception of direct strokes. 
(2). Lightning arresters. 

(3). Expulsion protector tubes. 
(4). Plain air gaps. . 

(5). Station capacitance. 


Interception of Direct Strokes 

For effective interception of direct strokes, the 
means provided must be such that the stroke will 
terminate upon it and not upon the lines or apparatus, 
and the discharge path from it to ground must be of 


such low impedance that the discharge current will 


not build up sufficient voltage to cause BN: 
to the circuit being protected. : 

This direct-stroke protection at the station may 
take the form of either overhead ground wires or an 
extension of the steel structure above the conductors 
toa sufficient height tointercept the stroke. This height 
is usually determined from a protective cone whose 
base radius is twice its height. Direct-stroke pro- 
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Fig. 3.. Typical volt. time curves of a 138-kv transformer winding, 
insulator string, rod gap, sphere gap, and lightning arrester. 
based on 1.5x40 positive wave (tentative data) 


tection of the lines adjacent to the station is best 
provided by means of overhead ground wires. The 
proper distance from the station to which the over- 
head ground wires should be extended, and the 


clearance between the conductors and the ground 


wires can be calculated for any given case. 
When the station and the adjacent lines have 


direct-stroke protection, as outlined in the preceding 


paragraphs, all lightning impulses will enter the 
station through the surge impedance of the line; the 
resultant maximum voltage in the station. can be 
calculated. : 


Lightning Arresters 

The magnitude of a traveling wave enienae a 
station is determined by the surge impedance and the 
flashover voltage of the line. The best means of pro- 
viding protection against traveling waves is by the use 
of the station-type Thyrite lightning arrester. Modern 
Thyrite lightning arresters are available to meet 


certain specified volt-ampere characteristics which — 
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may be demonstrated by commercial impulse tests. 
This gives the operator a definite basis for estimating 
the service stresses to which his transformers may be 
subjected under all conditions of traveling waves. 


| Expulsion Protector Tubes 

Expulsion protector tubes may be used to estab- 
lish, on grounded-neutral systems, a preferred line 
flashover level near the station without attendant 
line outages. When used in conjunction with lightning 
arresters and overhead ground wires, they will aug- 
ment the effectiveness of the protective scheme. The 
impulse discharge level of the expulsion tube is too 
high for it alone to afford suitable protection to station 
equipment. 


Plain Air Gaps 

Flashover of air gaps will usually cause a system out- 
age and therefore can seldom be considered as provid- 
ing practical protection. The impulse flashover of air 
gaps increases much faster than the impulse break- 
down of solid insulation as the time to flashover or 
breakdown becomes less, so that extremely low gap 
settings are needed to protect apparatus against waves 
which reach gap flashover value in less than two or 
three microseconds. 

If the gap is set low enough to give a practical 
margin of safety for such steep waves, the flashover 
voltage of the gap for long waves may be so low that 
there is a possibility of flashover on switching surges 
and a probability of flashover on long-wave impulse 
surges resulting in unnecessary system outages. 


Station Capacitance : 

For the station capacitance i be effective, the 
traveling wave must enter the station through the 
surge impedance of the line. The inherent line-to- 
ground capacitance of station apparatus and buses 
acts to slope the front of an incoming wave, and if 
the wave is of short duration may have an appreci- 
able effect on lowering its amplitude. 


Protective Sef-ups 

Complete Protection. Based on present-day knowl- 
edge, the best protective set-up consists of Thyrite 
lightning arresters supplemented by proper direct- 
stroke protection of the station and overhead-ground- 
wire protection extending 2500 ft from the station. 
This imposes the surge impedance of the line be- 
tween the arrester and the nearest point of possible 
direct lightning stroke to the line conductor. Under 
these conditions, the modern Thyrite arrester will 
limit the voltage to a value well below the tested 
strength of the modern transformer. To obtain ade- 
quate protection margin, if the lines are highly 
insulated, the use of expulsion tubes may be essential 
at the entrance of the ground-wire section. . 


Partial Protection 
There may be installations such that the ae ceeied 
revenue and the nature of the load do not appear to 


justify the installation of complete protection. In 
this case the operator may prefer to take an additional 
risk of service interruption or apparatus failure rather 
than make the expenditure necessary to install com- 
plete protection. The three varieties of partial pro- 
tection may be classified as: 

(1). Lightning arresters installed but direct-stroke 
protection omitted. 


(2). Direct-stroke protection and station gaps 2 


installed but lightning arresters omitted. 


(8). Both direct-stroke protec and lightning 


arresters omitted. 
Lightning Arresters Installed but Direct-stroke Protection 


Omitted. For years it has been common practice - 


to use lightning arresters -without direct-stroke 
protection to protect power transformers and 
station apparatus on 15- 22- 33- and 44-kv systems. 
Modern Thyrite arresters afford protection against 
waves of any steepness, originating more than about 
one-half mile from the station. This practice, of 
course, cannot be relied upon to give protection 
against direct strokes at or near the station. Partial 
protection from nearby direct strokes may be ob- 
tained by the installation of a plain rod gap. It may, 
however, happen that the lightning arrester will not 
prevent flashover of the gap at the low setting re- 


quired, in which case a higher setting may be chosen | 


if it is desired to prevent an outage, although the 
margin will be reduced for those strokes which ter- 
minate on the line conductors within one half mile of 
the station. 

In general, an improvement in protection will 
result if expulsion protector tubes are used for a 
distance of 2500 ft out from the station, particularly 
if line insulation is high. Low ground resistance or 


interconnection to station is desirable for this applica- — 


tion of expulsion tubes to prevent unpredictable 
voltages from reaching the station. _ 

Direct-stroke Protection and Station Gaps Installed but 
Lightning Arresters Omitted. When direct-stroke pro- 
tection is installed, but lightning arresters are 
omitted, the station equipment may be stressed up 
to the flashover of the station insulation, unless some 
other means are taken to reduce the voltage. In 
such a case, the use of a plain rod gap might be con- 
sidered as an economical method of obtaining some 
protection. Unless the operator is willing to risk stress- 


ing the transformers above their strength by short-_ 


time waves, it will be necessary to extend the direct- 
stroke protection along the linesfor a sufficient distance 
(possibly three miles or more, depending upon 
the relation between the line and the station flash- 
over levels, and the station capacitance) to slope off 
the wave front of the incoming wave and reduce its 
crest value, so that the flashover of the gap will not 
occur at a voltage equal to, or higher than, the 
impulse strength of the transformer. Each time the 
gap flashes over, an outage will very likely result. 


If the line insulation is high, expulsion gaps in-_ 


stalled on the line at the entrance of the ground-wire 
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section will improve service and reduce station volt- 
ages. The expulsion tube alone cannot be depended 
upon to offer any appreciable protection to the station 


oe equipment. 


' Omitting the lightning arresters may fecalt. there- 


a tre. in little or no saving in investment if reasonable 
Bee protection is desired, and may introduce an element of 
3 _ uncertainty as to the margin of protection obtained. 
Both Direct-stroke Protection and Lightning Arresters 

| Omitted. When both direct-stroke protection and 


lightning arresters are omitted, some protection may 


- be obtained at a minimum of cost by the use of the 
plain rod gap. The degree of protection obtained will 
- increase as the setting of the gap is reduced. However, 
as the setting is reduced, the possibility of interrup- 


tions to service, resulting from the flashover of the 
gap, will be increased. This scheme finds application 
only in those cases where more frequent outages will 


be tolerated and where the operator is willing to 


accept a considerable risk of transformer failure. 
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Protection of Existing Transformers 

There are times when it is necessary to give definite 
suggestions in regard to the protection of existing 
transformers, many of which are not up to present- 


day standards of impulse strength. The procedure in _ 
such cases is for the transformer manufacturer’s 


engineers to estimate the impulse strength of the 
transformer when new. With this information, 
lightning arrester engineers can determine the arrester 
and supplementary means which will give a suitable 
margin of protection. 


Summary 

The proposed Impulse Test Code now enables 
operating companies to obtain power transformers 
having a demonstrated impulse strength. As just 
outlined, suitable means are available, and should 
be utilized, to keep service stresses at a reason- 
able margin below the demonstrated transformer 
strength. 


Protection of Distribution Transformers 


Lightning currents and voltages—Requirements of the protective device—Arrester and franstornen 
characteristics — External and internal transformer protection — Operating records with 


different protective methods—Economics of arrester application 
By D.D. MACCARTHY and W. H. COONEY 
Lightning Arrester, Cutout, and Capacitor Distribution Transformer Engineering ~ 
Engineering Department Department 


Pittsfield Works, General Electric Company 


IGHTNING is responsible for most of the 

distribution transformer outages which occur. 

In some localities trouble is experienced with 

as many as 40 per cent of the unprotected trans- 
formers per year. 

This article considers the factors which are of 
importance in the protection of transformers from 
damage and in the reduction of the number of fuses 
blown. Data are given on the surge currents and 
voltages which have been measured on distribution 
lines, the characteristics of arresters, and the dielec- 
tric strength of the transformers. The effect of various 
types of connections between the arresters, trans- 
former leads, and tank are considered both from 
the standpoint of theory and of operating experience. 
Under. some conditions, primary power voltage ap- 
peats on the secondary wiring and may constitute a 
hazard to the consumer; the factors which control 
this voltage are considered. 

Data are given on the frequency and magnitude 
of the impulse currents measured through distribution 
arresters. These data have been combined with 
data on the impulse current blowing characteristics 
of fuses so that the frequency of fuse operation can 
be estimated. 

The economics of arrester application are reviewed 
and it is shown that arresters are justified by the 
reduction in transformer-maintenance costs alone. 
Good lightning protection also decreases the hazard 
to the consumer and makes interruptions of service 
less frequent. 


Lightning Currents and Voltages 

An earlier article in the Review dealt with the 
currents, voltages, and time relationships associated 
with natural lightning, and another article set 
forth the results of investigations of lightning tran- 
sients on transmission lines. The present considera- 
tion is more concerned with lightning transients 
which appear on distribution lines. 

An investigation which is still in progress on the 
4-kv distribution system of the Commonwealth 
Edison Company of Chicago has been reported in 
several articles. In a summary) of the data obtained 
from 1930-1933, the highest voltage reported was 

(1)‘* The nye Stroke—Mechanism of Discharge,’’ by K. B. Mc- 
Eachron and McMorris, GENERAL ELECTRIC REVIEW, vol. 39, no. 10, 
October 1936, pp. 487-496. 

(2) ** Lightning Surges on Transmission Lines—Natural Lightning,” 
by W. W. Lewis and C. M. Foust, GENERAL ELECTRIC REVIEW, vol. 39, 
no. 11, November 1936, pp. 543-555. 

(3) ** Lightning Measured on 4-kv Overhead Ceuta: by H. Halperin 


and K. B. McEachron, A.I.E.E. Trans., vol. 53, no. 1, January 1934, 
pp. 33-37. 
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488 kv on a line of the rural type and this was caused 


by a direct stroke of negative polarity which caused ; | 


line flashover. Frc. 1 shows the relative frequency 


with which voltages of different magnitudes were. 


recorded in this study. In considering data from 
investigations of lightning phenomena on distribution 


lines, it is apparent that voltage, current, and fre-— 


quency of occurrence will depend upon many factors; 


: PAE LL 
i LONG, se 
\ 5 | | | ‘ arene 
I\ . 


ges recorded exceeding 


tage indicated on abscissa 


Bence nies of sur 
vo 
- 
° 


ne 


oKilovelte= primary-phase wire to ground 


Fig. 1. Surge voltages due to lightning recorded on 
urban and long circuits(3) 


among them are the storm severity, degree to which 


the line is shielded by trees and buildings, the line 
insulation and type of construction, and particularly 
the amount of wood in series with the insulators, 
and the density of connected apparatus. 

The magnetic link affords a reasonably accurate 
and comparatively inexpensive method of measur- 
ing the magnitude of the impulse current discharged 
by distribution lightning arresters. However, the 
magnetic link does not indicate the duration of the 
discharge. Hence, these data do not afford a basis 
for comparing the thermal duty imposed on arresters 
by low currents of long duration with the duty due 
to high currents of short duration. These links have 
been used in an investigation of considerable scope, 
and the results have been reported by McEachron 
and McMorris from 411 measurements made on 1225 
installations. No definite correlation was obtained 
between the circuit voltage and the frequency of 
occurrence of surge currents. It was found, however, 
that arresters on rural lines discharge currents of any 


(4)‘‘ Discharge Currents in Distribution Arresters,’’ by K. B. McEach- 
ron and W. McMorris, Electrical Engineering, vol. 54, no. 12, December 
1935, pp. 1395-1399. 


particular magnitude about 3.25 times as often as 
arresters on urban lines. This is shown in Fic. 2 

where the ordinate gives the number of years which 
may be expected to elapse before any one particular 


-.. arrester will discharge a current at least as large as 
nee indicated on the abscissa. The larger values of current 
‘are believed to be due to direct strokes near the 
arrester. 
‘number of negative currents measured with an 
amplitude of 5000 amp or more exceeded the positive 


They are preponderantly negative; the 


in the ratio of nine to one. The data show the same 
maximum currents for both urban and rural locations 


which is to be ees since lightning can impose 


a 
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Fig. 2. Curve showing number of years at a given arrester location 
which may be expected to elapse before a current of at least 
the magnitude shown by the abscissa will pass 
through the arrester (+) 


transients of the same magnitude on both types of 
lines, but urban lines are less frequently subjected 
to high currents because the exposure is less. The 
greater density of connected apparatus on urban 
circuits will reduce the number of registrations at 
any one location. These data show that ney currents 
occur very infrequently. 


A multiplying factor should exist which will corre- — 


late the current magnitude and frequency of occur- 
rence in different localities. This factor will depend 
upon the number of lightning storms per year and 
the severity of the storms. There is little information 
on storm severity in the different districts, but the 
storm frequency has been established. When apply- 
ing these field data to a particular system, the effect 
of line exposure and density of connected apparatus 
cannot be ignored. 

Bellaschi has reported lightning currents in excess 


Ceo 
(®)‘* The Thunderstorm,”’ by E. A. Evans and K. B. McEachron, GEN- 
ERAL ELECTRIC REVIEW, vol. 39, no. 9, September 1936, pp. 413-425. 


of 100,000 amp from distribution-transformer loca- 
tions. He judged the magnitude by the size of the burns 
on the electrodes of deion gaps. The McEachron and 
McMorrtis data indicate that currents of this magni- 


tude will be of extremely infrequent occurrence; 17,000 


amp was the highest current measured in an investi- 
gation which covered 1225 arrester-years of service. 

The discharge currents which result from travelling 
waves due to distant direct strokes are relatively 
small because the line insulation limits the magnitude 
of the travelling-wave voltage. The upper limit for 
arrester discharges resulting from travelling waves 
can be estimated if the line flashover voltage and 
arrester characteristic are known. Estimates of the 
current through an arrester at the end of the line 
have been published™ by Opsahl. A maximum of 
800 amp is given for a 2.3-kv circuit and 13850 amp 
for a 24-kv circuit. Based on the frequency of trans- 
mission-line outages and flashover voltages of dis- 
tribution circuits, Opsahl estimates that the maxi- 
mum value of current due to direct strokes at the 
arrester may be 100,000 amp. He also estimates that 
currents in excess of 5000 amp may occur with an 
average of one in 20 to 40 years which agrees well 
with the figures obtained from the McEachron and 
McMorris field studies which indicate an expectancy 
for currents in excess of 5000 amp of 25 years per 
arrester on rural circuits and 75 years per arrester on 
urban circuits. 

In 1934, Collins reported®) a current of 34,000 
amp measured in the common ground lead of three 
line-type atresters on a 24-kv circuit; how many of 
the three arrestets discharged and contributed 
current to the ground lead is not known. In this 
investigation, measurements were made from the 
size of the hole punctured in tell-tale paper in series 
with the arrester ground lead. Only four per cent of 
the current measurements exceeded 5000 amp. 
These data cannot be directly compared with those 
reported by McEachron and McMorris because of 
the difference in the low-current sensitivity obtained 
with the two methods of measurements and because 
Collins measured the current in the common ground 
lead while McEachron and McMorris measured the 
currents through individual arresters. 

It has been known for a long time that in many 
lightning strokes several successive discharges occur 
but there were few data on the number of discharges, 
the time between them, or the number which may 
strike a line. Data. on the number of discharges 
associated with a lightning stroke and the time 
interval between them have been published recently.” 
These data are based on studies of natural lightning 
and from investigations on transmission lines. It is 
recognized that multiple discharges will affect dis- 
tribution circuits but data on the frequency of 
occurrence and the time intervals are not yet available. 


(6)*Lightning Currents in Field and Laboratory,” by P. L. Bellaschi, 
Electrical Engineering, vol. 54, no. 8, August soeer pp. 837-843. 

(7)‘Surge Currents in Protective Devices,’’ by A. M. Opsahl, Electrical 
Engineering, vol. 54, no. 2, February, 1935, p » 300. 204. 

(8) Lightning Currents "Measured, ” by H. W. Collins, Electrical World, 
vol. 103, May 12, 1934, pp. 688-689. 
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Requirements of the Protective Device 

Devices of several types are used to protect trans- 
formers from surge voltages; necessarily there are 
certain characteristics which are common to all of 
them and the same terms are used to describe their 
operation. The protective device is connected either 
between line and ground or across the insulation 
to be protected. Under normal operating conditions 
the protective device acts as an insulator, but be- 
comes a conductor and provides a path for the relief 
of overvoltages of a dangerous magnitude. The 
change from insulator to conductor is accomplished 
by some form of spark gap which acts as a switch. 
This gap structure may consist of a single gap or 
several gaps operated in series. It keeps the discharge 
circuit open under normal operating conditions 
but closes the circuit when the applied voltage be- 
comes sufficiently high to cause it to spark over. 
The impulse voltage at which the gap sparks over is 
called its impulse spark potential. 

When the gap has been ionized by a discharge, it 
will allow normal-frequency power current to flow 
from the power line. This current is termed the 
follow current. Lightning arresters for a-c circuits 
use a valve element which has nonlinear resistance 
characteristics in series with the gap so that the 
follow current will not be higher than the gap can 
interrupt at the first current zero and yet be able to 
discharge large impulse currents without an excessive 
IR drop. | 

In gaps of the arc-expulsion type, the current is 
confined by a fiber tube. No valve element is used. 
The interruption of the follow current depends 
upon the gas which is released by the action of the 
arc on the fiber. A resistor may or may not be used 
to limit the magnitude of the follow current. 

A simple spark gap may be used to limit the impulse 
voltage. In this case the follow current is limited 
only by the circuit impedance and will persist until 
interrupted by a circuit breaker or fuse. 

Devices used to protect distribution transformers 
must fulfill several requirements in order to give 
satisfactory service. These requirements are: 


(1). The protective device must be capable of 
protecting the transformer with a reasonable 
factor of safety. The impulse-spark potential and 
IR drop must be well below the failure voltage 
of the transformer insulation for the impulse volt- 
ages which occur on distribution lines. The initial 
margin between the dielectric strength of the 
transformer and the voltage permitted by the ar- 
rester must be sufficient to allow for a decrease in 
transformer insulation strength which may result 
from the exigencies of service. | | 


(2). The protective device must be capable of 
discharging the impulse currents which occur in 
service. It must be able to interrupt the power fol- 
low current and should preferably limit the magni- 
tude of the follow current. Protective devices must 

withstand without damage the continuously ap- 


plied power-frequency voltage of the circuit to 
which they are connected. 

(3). The operation of the protective device 
should not jeopardize the safety of the consumer 
by allowing dangerous voltages to appear on the 
secondary wiring. ' 

(4). The annual cost of protection must be 
commensurate with the benefits which it provides. 


Characteristics of Arresters and Transformers 


In order to determine whether an arrester wil] — 


protect a transformer, it is necessary to know the 


impulse spark potential and IR voltage of the arrester,’ - 
and also the insulation strength of the transformer. » 


Demonstrated strength of 5-kv 
class distribution transformer 


Kilovolts crest : 


Time in microseconds 
Fig. 3. Demonstrated strength of 5-kv class distribution transformers 
(Ratings: 2400 /4160Y to 4800 volts) compared to spark 
potential of pellet arresters 


former dielectric strength depend upon the rate of 
voltage application, comparisons must be made for 
the same rate of voltage rise. , 

Fics. 3 and 4 give the impulse spark potential of 
pellet arresters as a function of the time to break- 
down. The spark-potential curves in these illustrations 
show the voltage permitted by the arresters up to the 


time the gaps spark over. After gap spark-over 
occurs, the voltage across the arrester is determined ~ 


by the IR drop, which is given as a function of 
current magnitude in Fic. 5 for pellet arresters. 

In Fics. 3 and 4 are also shown the impulse voltage- 
{ime curves of the demonstrated strength of dis- 
tribution transformers rated 2400/4160Y and 6900/- 
11,950Y volts respectively. For times longer than 
approximately two microseconds. (full line), the 
voltage levels are the maximum crests applied during 
the present A.I.E.E. tests®) with the positive 1.540 


impulse-voltage wave. While no tests have yet been 


standardized for higher rates of voltage rise, un- 
published data indicate that voltages about 20 per 


(°)‘* Proposed Transformer Standards,’’ by J. E. Clem, Electrical Engt- 
neering, vol. 56, no. 1, January 1937, pp. 32-36. 
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2 cent higher can be applied at approximately 0.5 micro- 
seconds to distribution transformers rated 15 kv or. 
less without encroaching on the factor of safety main- 


tained in the present 1.540 impulse-voltage tests. 
Owing to differences in construction and difficulties of 


. testing, there is at present no assurance of agreement 

in detail for the portion of the curve below two 

| ~ microseconds and it is, therefore, shown as a 
- dashed line. 


A comparison of the demonstrated transformer- 
strength curves with the time-voltage curves of the 


 jightning arresters in Fies. 3 and 4 shows an initially 
- wide margin of protection. Service experience of the 


Demonstrated strength of 15-kv 
class distribution transformers 


Kilovolts crest 


Time in microseconds 


Fige 4. Demonstrated strength of 15-kv class distribution transformers 
(Ratings: 6900 /11,950Y to 13,800 volts) compared to spark 
potential of pellet arresters 


past has indicated that this margin is highly desirable 
for long transformer life and continuity of service. 
Many factors in service tend to reduce the impulse 
strength of a pole-type transformer. It is not economi- 
cally feasible to give this type of transformer the 
degree of maintenance and inspection given to larger 
station-type transformers. The result, for instance, 
is that water may enter the transformer or it may be 
subjected to excessive overloads with resultant 
carbonization of insulation, either of which will cause 
reduction of impulse strength. 

If the initial margin of protection is low, the 
deteriorating factors of service may bring the strength 
of the transformer insulation down to the point 
where no protection is afforded, and failure by 
lightning may ensue. On the other hand, protective 
equipment with an initially high margin provides 
protection to transformers which may have been 
abused or not properly maintained but which are 
still in workable condition. 


The protection afforded by the arresters during 
current discharge depends upon the magnitude of the 
current and the wave shape of current. Fic. 2 shows 
the expectancy in years for currents of different 
magnitude. These data as already mentioned indicate 
that the percentage of arresters expected to pass 


currents in excess of 5000 amp per year is about 


4 per cent for rural installations and less than 1.3 
per cent for urban installations. Data are given in 


Table I to compare the arrester IR voltage at 5000 — 


amp with transformer dielectric strength. 


TABLE I 


COMPARISON OF ARRESTER IR AND 
TRANSFORMER STRENGTH | 


| Arrester Transformer 
Transformer ; 
T. f A t + ° D trated 
ype otleverter | es | kee ee 
3-kv Pellet Arrester. .... 9 kv 2400 V 69 kv 
9-kv Pellet Arrester. .... 27 kv. 6900 V 110 kv 
50 
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Crest current in thousands of amperes 
Fig. 5. Volt-ampere characteristics of pellet arresters 
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Standard 
+ connection 


(a) 


-- Tank gapped 
(d) 


Tank isolated 
(b) 


ale Self contained 
Commer 2 protection at 
P20) (i) (j) 
Fig. 6. Connections for applying lightning protection to 
distribution transformers 
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Service records as yet unpublished show that these 
arresters have a sufficiently great discharge capacity 
and an IR voltage sufficiently low for the protection 
of distribution-line equipment. Even though. the 
arrester is capable of protecting the transformer with 
a large margin, protection may not be realized unless 
the arrester is connected in such a way that the 
voltage applied to the transformer does not greatly 


exceed. the voltage across the arrester. 


Methods of Applying Protection to Transformers 


Two methods of connecting lightning arresters 
to transformers are in common use. They are known 
as the standard connection shown in Fic. 6(a) and 
interconnection shown in Fig. 6(b). The significant 


“Kilovolts - 


Mi Laas | 


Volt-time oscillograms taken on transformer with standad 
connection of 3-kv pellet arresters. (Resistance of arrester 
ground—60 ohms) 


Hi: Primary line to ground 
T: Tank to ground 
Xe, 3: Secondary neutral to ground 


Fig. 7. 


distinction is that with standard connection the 
arrester ground is kept separate from the normally 
grounded secondary neutral, while with intercon- 
nection the arrester ground is connected to the 
secondary neutral. The advantages of the inter- 
connection were established by three investiga- 
tions®)D@2) reported in 1932. Since then the inter- 
connection has been adopted on an ever-increasing 
scale, and it is now so generally accepted as to make 
unnecessary a detailed consideration. 

The oscillograms in Fics. 7 and 8 from an article 
by McEachron and Saxon were taken on a trans- 
former connected to an actual distribution line. They 
show the voltages from ground to primary, to tank, 
and to secondary neutral when equal travelling 
waves were applied to both primary conductors. 
The transformer was protected by 3-kv pellet arresters 
connected to a 60-ohm ground. Fic. 7 was taken 

(10)‘‘ Lightning Protection for Distribution Hranstosmers: by 


KB. 
239-244." and L. Saxon, A.JI.E.E. Trans. vol. 51, no. , March 1932, pp. 
a Oe crocus cHon of wee Lightning Arrester,”’ 
arding an rague Ds: 
as 2an788. pragu Trans., vol. 51, no. 1, March 1932, 
1 ightning Protection for Distribution Transformers,’’ by A. M. 
sahl, A. S. Brookes, and R. N. Southgat 3 
teat igo. a3. rian outhgate, A.J.E.E. Trans., vol. 51, no. 1, 


by C. Francis 
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with the standard arrester connection and Fig. F 
with interconnection. Comparison of the two sets of 
oscillograms illustrates the difference in the voltages 
on the transformer due to these two methods of 
arrester connection. With standard connection the 
voltage between primary and secondary during 
impulse-current discharge was 50 kv and it was cay 
10 kv with interconnection. 

With standard arrester connection, the seconde 
and isolated tank remain near ground potential, but _ 
the primary may rise considerably above ground 
because of the IR voltage on the arrester ground. 
The voltage between primary and tank, or secondary, 


stresses the transformer insulation. With inter- 


connection the voltage on the secondary and tank: 


| Microseconds. : 


Fig. 8. Volt-time oscillograms taken on transformer with inter- 
connection of 3-kv pellet arresters. (Resistance of arrester 
ground—60 ohms) 
Hi: Primary line to ground 


T: Tank to ground 

X2, 3: Secondary neutral to ground 
differs from the voltage on the primary only by the 
drop through the arresters and interconnection lead. 

The difference between the protection obtained 

with the standard connection and interconnection of 
atresters is best shown by considering a typical 
example. The voltage from primary to ground during 
arrester discharge is: 


phe tie (1) 
dt 
e =voltage from primary to ground. 
Eav=IR drop on the arresters. 
L =inductance of the arrester ground lead. 
4 =current in arrester ground lead. 
r =resistance of arrester ground. 


Let it be assumed that each arrester discharges 
1500 amp, that the IR. drop across each arrester is 8 
kilovolts, and that the arrester ground resistance is 60 
ohms. The voltage from primary to ground by Equa- 
tion (1) would be the sum of the 8-kilovolt IR drop on 
the arresters, the inductive drop in the arrester 
ground lead, and 180 kilovolts due to 3000 amp flowing 
into the 60-ohm arrester ground from both arresters. 


The E itages ‘for the standacd connection and for 


interconnection of arresters are compared in Table II. 
With the standard arrester connection, the voltage 
between the transformer primary and secondary is 


about the same as the voltage from primary to ground 
_. which exceeds 188 kilovolts by the inductive drop in 
p. the arrester ground lead. The effect of the inductive 
_ ‘voltage is difficult to estimate because it does not add 


directly to the IR drop and because of insufficient 
knowledge of the rate of rise of the discharge current. 


TABLE II 


a COMPARISON OF STANDARD CONNECTION AND 


INTERCONNECTION OF ARRESTERS 


vse of Arrester Connection Standard - a ene Units 
- Current in each arrester. 1500 1500 amp 
Resistance of arrester 
ground. . 60 60 ohms 
Inductance of “arrester 
ground lead. 15 15 micro- 
z henries 
Inductance of intercon- 
fnection (Circuit........ 2 micro- 
: henries 
IR drop across each ar- 
ORG ig Se a acer oe: 8 8 kv 
Inductive voltage on a; i: di. : 
ground lead. Bis. 157 ag Vv 
Inductive voltage on de 
interconnection circuit 2 ae kv 
IR drop inarrester ground 180 180 kv 


Voltage from aes t as 
ground. . ETE SS Se, 188 +15 F198-+15-3 kv 


o 


Voltage from Diary to 
eae 8+27 kv 


secondary.. .|188+15 e 


Note: A current of 3000 amp has been assumed in the arrester ground 
for interconnection and standard connection of arresters. 


#1 =current flowing into arrester ground. 
ie =current flowing through interconnection lead. 

With interconnection of arresters, the voltage from 
primary to secondary neutral exceeds 8 kilovolts only 
by the inductive drop in the circuit from the primary 
line through the arrester and interconnection lead. 
The figures in Table II show that the IR drop in the 


arrester ground does not contribute to the voltage 


between windings when interconnection is used; and 
that the effect of the inductance may be reduced to 
about one-seventh. It will actually be further reduced 
because only a part of the discharge current will flow 
through the interconnection lead. With extremely high 
rates of change of current, the voltage of self-induction 
on the interconnection lead may be large with respect 
to the arrester IR drop. For this reason it is important 
that the interconnection lead be kept as short as 
possible. 

Even though interconnection makes the voltage 
from primary to secondary independent of arrester 
ground resistance, low-resistance grounds are desirable. 
The impulse and power voltages which appear on the 
secondary wiring during arrester operation or because 
of the failure of arresters or transformers are lower 
for low values of ground resistance. The effect of 
ground resistance will be considered under Hazard. 


The standard connection offers no protection to the 
transformer from surges which may occur on the 
secondary lines. It is evident from Fic. 6(b) that with 
interconnection the arresters will limit the stress 
between primary and secondary neutral even when 
the surge originates on the secondary. 

It has been assumed that the isolated tank takes 
about the same potential above ground as the second- 
ary, as is shown by the oscillograms in Fics. 7 and 8. 
This may not be true of installations in practice if 
there are conductors such as guys or telephone cir- 
cuits on the pole which are connected to other grounds 
than that provided for the arresters. Since the tank is 
coupled to the secondary only by a small capacitance, 
a relatively high resistance path from tank to a 
separate ground such as would be provided through 
several feet of slightly conducting pole may prevent 
the tank from following the voltage on the secondary. 
In the example considered previously, the voltage 
from primary to secondary might be of the order of 
8 kilovolts with interconnection, and the voltage from 
isolated tank to ground 180 kilovolts. If the tank is 
held at ground potential, the 180 kilovolts available 
on the primary and secondary bushings and trans- 
former insulation will probably cause an arc-over of 
the secondary bushing. Modern transformers are 
equipped with a gap between secondary neutral and 
tank which will limit this stress to a relatively lowvalue. 


The danger of bushing arc-over and consequent 
trouble on many transformers now in service can be 
reduced by grounding the tank solidly as in Fic. 6(c) 
or by making the connection through the gap as in 
Fic. 6(d) if it is desired to have the tank normally 
isolated. The National Electrical Code requires that 
the interconnection be made through a gap in case the 
secondary neutral is not connected to a continuous 
metallic underground piping system in addition to the 
direct ground at the arrester. Fic. 6(¢) shows this 
connection, and Fies. 6(f) and 6(g) show connections 
with the gaps in the interconnection lead as well as 
those to the tank. Since these gaps have an appreciable 
spark potential, the transformer protection will not in 
general be as good as though solid interconnections 
were used such as those shown in Fics. 6(b) and 6(c). 

In case bushing arresters are used connections may 
be made as in Fic. 6() with the tank solidly grounded 
or grounded through a gap as shown. These trans- 
formers are equipped with a secondary bushing gap 
as shown in Fic. 6(z) which will operate and bring 
tank and secondary to the same potential if the arrest- 
ers are connected to the tank. If solid interconnection 
is desired, the arrester ground lead may be con- 
nected to the secondary neutral as in Fic. 6(7). It 
is believed that the most satisfactory protection will be 
obtained with interconnection and the tank grounded. 

With a common neutral system in which the 
primary and secondary neutral lines are intercon- 
nected, only one arrester need be used as shown in 
Fic. 6(h). 
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External Protective Devices Compared to Those Built 

Into the Transformer 

There is some advantage in using protective devices 
built into the transformer because of the simplifica- 
tion in mounting the protective equipment. Trans- 
formers equipped with bushing arresters and surge- 
proof“)“4) transformers employ protective devices 
which are built into the transformer. There are certain 


disadvantages to this plan of built-in protective 


devices. Usually an external arrester which has failed 
can be readily identified from the ground, but it may 
be more difficult to locate a failure if the device is 
out of sight. 

It is desirable that the life of protective devices 
built in the transformer be at least as long as the life 
of the transformer. Operating data indicate that 
properly protected transformers have a lower failure 
rate than protective devices. In the event of failure 
an externally mounted protective device can easily ie 
removed {rom the circuit; if the protector is made an 
integral part of the transformer, it may necessitate 
removing the transformer from the pole for repairs 
more often than would be necessary if the protection 
were external. 

With transformers having built-in surge protection 
arrester discharge currents will pass through Scie 
fuses if used. This may result in fuse blowings which 
would not occur if external arresters were used with 
the fuse located between the arrester and transformer. 


‘Location of the Primary Fuses 

The primary fuse can be placed either on the line 
or transformer side of the lightning arrester. With the 
standard connection, the fuse was commonly placed 
on the transformer side of the arrester so that it did 
not catry the arrester discharge current. When inter- 
connection was introduced, a few operators located 
the fuse on the line side of the arrester in order 
to disconnect the arrester in case of failure. 

Primary fuses are used to protect transformers in 
case of heavy overload and to remove a transformer 
from the line in the event of failure. If fuses are con- 
nected on the line side of the arresters, unnecessary 
fuse blowings will occur because of the impulse cur- 
rents discharged by arresters and particularly by the 
heavy follow current if protective devices having no 
valve element are used. 

The possibility of fuse blowing by follow current 
will be considered first. Data published by Duvoisin 
and Brownlee“) show that the highest current of 
60-cycle frequency which may be carried by General 
Electric low-temperature fuse links for one-half cycle 
without danger of blowing is 260 amp crest for the five- 
ampere rating, and 670-amp crest for the 10-amp rat- 
ing. The follow current from valve-type arresters will 
not blow such fuses. The arresters will not pass cur- 


(33) Transformer Proofed Against Li i t 
Putnam, Electrical World, vol. i03, J ein cere eo 476 ae 

(4)‘*Surge Protection for Distribution Transformers,” b s K. Hod 
mete. Electric Journal, vol. 33, no. 3, March 1936, pp 157-161 Series 
H ‘ pee uises Characterietice of Fuse Links,”’ by E. M. Duvoisin and 
Sneek ; ERAL ELECTRIC REVIEW, vol. 35, no. 5, May 1932, pp. 


rent for more than one-half cycle unless a multi 
stroke occurs. In the event of a multiple stroke “a 
time during which the follow current flows den E 
upon the number of discharges in the stroke and ee 
time between them, and on the point of the 60-c ait 
wave struck by the impulses. Multiple discharges ee, 
increase the duty on the fuse because offcilmalana 
heating due to several discharges in rapid: succes 
The amount of fuse blowing caused by the imu 
current will depend upon the type and rating of an 
fuses, and on the frequency of occurrence and the 
ampere-time characteristic of the impulse. Fic. 9 has 


been prepared from data on General Electric low. i 


temperature fuse links, and the curve of - arrester. 
discharge-current expectancy given by McEachron 


and McMorris. In lieu of definite information, it was: _ 


assumed that the current may be taken as an expo- 
nential function of time. These curves make it possible 
to estimate the years that will elapse before fuses rated 


1 to 10 amp may be expected to blow because of jim. 
pulse discharge currents. In using the curves, thetime _| 


to half value on the tail of the current wave must be 
assumed. The method of using these curves is shown 
by the dotted lines in Fic. 9. The following data are 
obtained from the curves: 


TABLE II] 


IMPULSE BLOWING OF FUSES 


Sp Le nn ann 
YEARS EXPECTED TO ELAPSE 


LAs Safe | Microsecond Fuse Peete FUSE BLOWS, EFFECT 
: urfent to Half Rating LTIPLE DISCHARGES 
or Fuse Current ( Amperes) NEGLECTED 
Rural Urban 
500 40 1 34 
830 40 2 3.8 122 
2500 40 5 10°38 34.0 
5600 40 10 31.0 88.0 
me ass eee SE 


For an assumed time of 40 microseconds to half 
value on the tail of the current wave, 9.7 per cent of 
the rural and 2.9 per cent of the urban fuses rated 5 
amp may be expected to blow each year if the fuse 
carries arrester discharge current. Multiple dis- 
charges may be considered as increasing the duration 
of the current, and perhaps have an appreciable effect 
on the rate of fuse blowing. These data indicate that 
impulse currents will cause an appreciable amount of 
fuse blowing. Placing the fuse on the line side of the. 
arrester will result in the blowing of fuses of the 
lower ratings by arrester discharge current. 

With the fuse in this position, a failed arrester may 
be disconnected from the line by the operation of 
the fuse. The transformer, but not the cutout box, 
will have protection from surges on the primary lines 
even though the fuse has blown. 

Locating the fuse on the transformer side of the 
arrester prevents fuse blowing by arrester discharge 
currents, and fuses of lower rating can be used than 
could be tolerated if the fuse carried arrester-discharge 
current. The transformer side of the arrester has been 
found to be the preferred position of the fuse without 
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a reference to the type of connection used. With this 
arrangement, the arrester can protect both the cutout 


box and transformer from damage by surges on the 
primary—even though the fusehas blown; however, the 


-- fuse cannot disconnect a failed arrester from the line. 


a Gaps for Transformer Protection 


’ There. has been some interest in the use of gaps for 
distribution-transformer protection. These gaps can be 
classified into two groups: deion ) gaps operating on 


the expulsion principle which limit the duration of 
- follow current, and simple air gaps connected external 
to the transformer. 


- The connections for the deion gaps used in the 
surge-proof transformer are shown9@4) in Fic. 6(2). 
It is stated that this arrangement makes the trans- 


_ former completely self-protecting, and that external 


arresters and fused cutouts are made unnecessary. 


; Crest amperes discharge current 
Fig. 9. Time to half value of exponential impulse current as a function 
of maximum safe current for low-temperature fuse links(15); and 
expectancy of arrester discharge currents as a function of 
current magnitude (4) 


Let it be supposed that gaps of any type are used 
to protect the transformer and that gaps are connected 
between primary leads and tank, tank and secondary 
leads, and from tank to ground as shown in Fic. 6(2). 
Operation of a gap connected from primary lead to 
tank will be followed by the operation of the other gaps 
in order to relieve the stress from tank to ground. 
Even when the gap from tank to ground operates first, 
the voltage of the primary lines and tank will rise 
above ground by the IR drop and inductive drop on 
the ground lead; the tank will then be raised above 
ground potential by impulse and power voltage from 
the primary lines. This will result in the operation of 
the gap between tank and secondary and consequent 
discharge of impulse and primary power current into 
the secondary neutral which will occur frequently as 
can be seen from the following example. Suppose im- 


errr 
ares Protection of Distribution Systems,” by, J. K. Hodnette 
aS Ae R. Ludwig, Electrical Engineering, vol. 56, no. 6, June 1937, pp. 


pulse currents of 5000 amp are discharged from each 
primary conductor to ground which results in 10,000 
amp flowing through the arrester-ground resistance. 
In this case it would be necessary for the ground 
resistance to be less than five ohms to prevent tank- 
to-secondary flashover which will impose primary 
voltage on the secondary circuit. 

If a current-limiting resistor in series with the gap 
from primary to tank is omitted or if it is short-cir- 
cuited by the sparkover of a shunt gap, the power 
follow current will be limited only by the ground 
resistance and impedance of the line and power 
source, and must be considered in providing fuse 
sectionalizing and over-current protection for dis- 
tribution circuits. 3 

Simple air gaps have been suggested(008 for the 
protection of transformers on rural lines. Examination 
of the several factors involved shows that substitu- 
tion of gaps for arresters does not result in the ex- 
pected economy and has many disadvantages. Rural 
lines need better lightning protection than urban lines 
because of the greater exposure; Fic. 2 shows that 
impulse discharges of given magnitude occur about 
3.25 times as frequently on rural lines as on urban. 
Because of the relative inaccessability of rural circuits 
an outage will usually be of greater duration than it 
would on an urban line and the cost of restoring service 
will be greater. With air gaps, outages will be fre- 
quent because the follow current must be interrupted 
by the line breaker. More transformer failures are 
expected when discharge gaps are used since they 
cannot be set for as low impulse-spark potentials as 

are obtained with arresters without experiencing fre- 
quent accidental operation; in addition to out- 
ages from normal operation of the gaps, outages due to 
birds, ice and sleet, and switching surges will occur 
which could be prevented by the use of arresters. 

The exact percentage of the investment which 
lightning arresters represent depends upon several 
factors among which are the voltage of the line 
and the number of customers per mile. A fair esti- 
mate may be from 3 to 8 per cent of the invest- 
ment per mile for rural lines of the common-neutral 
type. From this it is apparent that, even if the cost of 
the arresters were eliminated, a slight decrease in the 
reliability of service and increase in maintenance cost 
would offset this saving. 


Hazard 

It is of interest to examine the theoretical considera- 
tions and operating data pertaining to consumer 
hazard. With standard connection of arresters, the 
primary and secondary circuits are isolated unless the 
impulse is sufficient to cause bushing arc-over or failure 
of the transformer insulation. If either of these occurs, 


(17)'* Noteworthy Developments in Farm Lines,’’ by A. E. Silver, Elec- 
trical World, vol, 106, June 6, 1936, pp. 1772-1774. é 
(18) Application of Spill Gaps and Selection of Insulation Levels,” 
y H. L. Melvin and R. E. Pierce, Electrical Engineering, vol. 56, no. 6, 

June 1937, pp. 689-694. 

(9)‘‘ Lightning Protection for T ransformers’”’ (prepared by Transformer 
and Lightning Arrester Sub-committee), Electrical Engineering, vol. 
no. 1, January 1936, pp. 53-56. 
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both impulse and power current, limited only by the 
circuit constants, reaches the secondary. Experience, 
test, and theory show that the use of interconnection, 
Fic. 6(b), greatly reduces the frequency with which 
contacts between the primary and secondary circuits 
occur. The number of times that power voltage of 
dangerous magnitude reaches the secondary is corre- 
spondingly reduced while the number, but not the 
magnitude, of impulse currents reaching the secondary 
grounded. conductor is increased by the use of inter- 
connection; no increase in troubles on the secondary 
has been reported. 

The power voltages transmitted to the secondary, 
due to the operation of valve-type arresters with 


interconnection, are usually of a negligible order. The 


exact value of the power voltage transmitted to the 
secondary depends upon the resistance of the con- 
nection from primary line to earth and on the com- 
bined resistance of the arrester and secondary neutral 
grounds. | | 

The most dangerous condition results from direct 
contact between the live primary conductor and 
secondary when there is a ground on the other pri- 
mary conductor. Contacts can occur due to the failure 
of the transformer, bushing arc-over, the failures of 
the interconnected arresters, or due to the operation 
of discharge gaps. The resistance of the primary and 
secondary neutral grounds is important in determining 
the voltage which appears on the secondary because 
of such contacts. This voltage also depends upon the 
primary-circuit voltage, the impedance of the line 
and that of the power supply. 

A conducting path between primary line and 
secondary neutral without a current-limiting resistor 
in series will give rise to a voltage on the secondary 
which may be dangerous to the consumer particularly 
in rural distribution where difficulty will be experi- 
enced in getting low ground resistance. The chance 
that a person comes in contact with the overvoltage 
is proportional to its duration while the danger of 
injury depends not only on its duration but also its 
magnitude. The hazard will be much greater with the 
type of gap which does not interrupt the follow cur- 
rent than for the gaps which allow only one-half cycle 
of current. 

The hazard is reduced if the primary and secondary 
neutrals are common. )2) The common neutral not 
only reduces the voltage on the secondary wire, but also 
allows a larger fault current to flow which will cause 
the primary to clear more quickly by the operation of 
fuse or circuit breaker. 

It is evident that low values of ground resistance 
are desirable with any type of transformer protection 
in order to protect the consumer from dangerous 
power voltages in the event of arc-over from primary 
to secondary or of apparatus failure. 

(70)**Operating Experience in Connection with Distribution Trans- 
formers, Fuses and Lightning Arresters,’’ by D. M. Bunn and:M. T. Jamie- 
son, Edison Electric Institute Bulletin, vol. 2, no. 5, May 1934, PP. 153-156. 


_ @)* Costs and Construction of Farm Lines,’’ by Frank R. Innes, Elec- 
trical World, vol. 106, February 29, 1936, pp. 627-634. : 
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A trend exists toward common-neutral lines With 
multiple grounding of the primary neutral. On new 
construction, the neutral can be grounded at every 
pole quite readily by running a ground wire into the 
hole in which the pole is set. This solidly ties the 
neutral to ground and reduces to a minimum the 
voltage impressed on the secondary in the event of 
contact with the primary. The impulse voltage on the 
primary-phase conductor will be limited by the spac- 
ing to the solidly grounded neutral, which reduces th 
duty on the protective equipment. 

Little information is available on hazard from te- 


ports on operating experience. The number of meter : 
failures on customers’ premises may perhaps he 
indicative of the relative severity of overvoltages, _ 


Smith @) found that all types of interconnection re- 


sulted in a decrease in the number of meter failures _ 
compared to the number occurring with the standard 
connection while Halperin and Grosser“) report that 


there was a small increase in the number of meter 
failures and no increase in troubles on customer’s 
equipment. 


Operating Records with Different Methods of Protection 
The data which are available for comparing the 
operating records with several different methods of 
transformer protection are presented in Table IV. All 
of these data show that interconnection is superior to 
the standard arrester connection. 3 
Of the data presented, Smith’s@) are considered the 
most. significant because they represent one year’s 
experience of 38 companies with about 272,000 trans- 
formers. Compared with standard connection, the use 
of solid interconnection has reduced the failure rate 
for transformers by 59 per cent, for arresters by 36 per 
cent, and for fuse blowing by 67 per cent. Although 
the data on gapped interconnection may be too few to 


be conclusive, they indicate a rate of fuse blowing as — 


high as with standard connection although the rate of 
transformer and arrester failure has been reduced. 
Perhaps the proportion of fuses located on the line 
side of the arresters with gapped interconnection may 
have been greater than it was with solid interconnec- 
tion. This would explain the higher rate of fuse 
blowing observed. In considering these data it should 
be noted that the ground resistances were different for 
the different methods of protection. The data indicate 
that the lower values of ground resistance used with 
interconnection have not increased the rate of arrester 
failure, although the duty on the arresters must have 
been more severe. 

Data taken from Sporn and Gross“) show the 
difference in the failure rates of transformers without 
arrester protection, and others with arrester pro- 
tection, during the same period of time and on the 


(*)** Distribution Transformer Lightning Protection Practices,’ by 


_L. G. Smith, Electrical Engineering, vol. 55, no. 1, January 1936, pp. 47-53. 


(?3)‘‘ Lightning Investigations on a Distribution System,’”’ by Herman 
Halperin aod H. Grosser, Electrical Engineering, vol. 55, no. 1, January 

? p ° bn? . 

(4) Lightning Arrester Economics,’ by Philip Sporn and I. W. Gross, 
Electrical SG aad t vol. 55, no. 1, January 1936, pp. 84-93 and Dis- 


. 


cussions, pp. 81 


ee 


cs 


: game system. ‘Compared with unprotected trans- 


formers, the use of lightning arresters with intercon- 


nection reduced the rate of transformer failure by 90 


per cent and the rate of fuse blowing by 93 per cent. 
Flanigen’s' data) were obtained from experience 


on the distribution lines of the Georgia Bower Gom- 
4 pany where the lightning conditions are very severe 


and the rate of apparatus failure exceeds that found in 
the other investigations. These data show that com- 


pared with the standard connection, interconnection 


has reduced the failure rates for transformers by 60 


per cent, for arresters by 50 per cent, and for fuse 


blowing by 56 per cent. 


- Jn Chicago where the ground resistances are low 


and conditions are very favorable to good protection 
with standard connection of arresters, Halperin and 
Grosser) found that compared to standard con- 


‘nection, interconnection reduced the transformer 


failure rate by 49 per cent, while the rate of fuse blow- 


- ing was reduced by 67 per cent. 


The data from Haines and Corney“) are presented 
to.show both the high rate of trouble found on unpro- 
tected transformers and the fact that arresters with 
standard connection can reduce the total trouble rate 
to about half that for unprotected transformers even 
in a district where the average arrester ground resist- 
ance is about 200 ohms. These data also show that the 
trouble rate diminished on transformers which were 
without arresters when the density of arresters in the 
area was increased during the period from 1927 to 1931. 

These data show that the lightning arrester is 


successful in reducing service outages on distribution 


systems. Interconnection will prevent about two thirds 
of the interruptions which occurred with the older 


25)"*Lichtnine Protection of Distribution Transformers,”’ 1 oy, dine frag WY & 
Resosa. Crlectrical Engineering, vol. .54, no. 12, December 1935, pp. 
1400-1405. mi See a 
26) ** Light ni Protection for Distribution Transformers,” by T. H. 
Haines a Con Corney, A.I.E.E. Trans., vol. 51, no. 1, March 1932, pp. 


259-264. 


method of arrester application; it permits a greater 
utilization of the capabilities of the arrester. 


Economics of Arrester Application 

The use of arresters to protect distribution trans- 
formers results in several benefits such as a decrease 
in the rate of transformer failure, reduction in the 
number of interruptions of service, and a decrease in 
the hazard to the consumer. 

On the basis of certain assumptions for costs of the 
arresters, transformers, and fuses together with costs 
of installations and credit for damaged transformers, 
Sporn and Gross) concluded that an arrester at each 
transformer installation can be justified on the basis 
of reduced maintenance costs alone for certain ranges 
of transformer sizes. 

The reduction in cost of transformer maintenance 1s 
only one of the several benefits resulting from the use 
of arresters. A study of distribution-system troubles in 
Philadelphia during 1931 by Dambly, LEkvall, 
and Phelps?) showed service interruptions, due to 
troubles on the primary circuits and on individual 
transformers, totaling 308,625 customer-hours. Only 
interruptions of at least five minutes duration were 
included. Of these, 80 per cent occurred during light- 
ning storms of which one half were charged tolightning. 
A reduction in these outages not only lowers mainte- 
nance costs but also increases customer good will. 
Sporn and Gross'™) recognize these intangible benefits 

and in conclusion state that ‘‘the general experience on 
several systems of the greater frequency of trouble 
with smaller transformers (generally twice as high 
for the smaller sizes as for the average), plus the fact 
that other cases of damage are reduced considerably 
when operating with an interconnected arrester, has 


led within the last six months to a decision by the 
(27)** Distribution System Lightning Studies,”’ by H. A. Dambly, H. N 


Ekvall, and Howard S. Phelps, A.I.E.E. Trans., vol. 51, no. 1, March 1932, 
pp. 265-271. 


TABLE IV: DISTRIBUTION TRANSFORMER OPERATING EXPERIENCE 
ee SE EE 


TRANSFORMER WITHOUT 


ARRESTER 
: Avg. 
Failures per Year ilu: er Year Avg. Failures per Year 
pouice Ravcare d| No. of per 100 No. of nee 106 Teenatoriicrs Groaned No. of per 100 Transformers Groene 
of Data eporte Teta: Transformers Theta: Inst al 
ae Transf. | Fuses ena Transf. Arr Fuses Transf.| Arr Fuses 
5 : 6 105,529(A 0.340 1.05 2.77 14.4 
e fh 2) 1934 165,914 0.823 1.65 8.46 62 | ee aaa ee oes 
mi a= 
Data from 38 
operating 
companies : é fe 
_ 814 i 
ili 3.4 33.6 12,833 0.82 (C) 4.75 
mae porn ioee 1°867 2.81 42.3 11,584 0.50 (D) 5.64 —_— 2,956 0.34 (D) 3.04 
Gross (24) = 
i 10,965 3.09 — — —_— 7,225 ‘ — — 
So 1935(E) 4,147 2.12 | 1.76 |19.5(F) | — 14'465 0.81 | 0.89 |8.65(F) 
i 14,500 0.27 0.41 a2 
aid ee 1o86(G) 17,000 0.23 0.56 
an 5 A 
Grosser (23) 
T. H. Haines |1927 2,836 44.4(H)} 1,484 2578) 20% 
and C. A. 1928 2,970 13.9 1,805 ion a 
Corney (28) 1929 2,487 38.0 2,407 nae ie 
2,02 22.6 2,930 ae ar 
1931 1,562 7.6 3,781 ; 


ay polic ap rcreon nection: 

interconnection. ; 
(cy Pen Beat arrester failures based on number installed, 0.073. 
te Per cent arrester failures based on number installed, 0.057. 
E) Nine months only. 


STD. CONNECTION OF ARRESTER 


INTERCONNECTION OF ARRESTER 


(F) Based on pert ar 
er l, : 
Fe Date PP ete total troubles—that is, fuses blown, transformers failed, 


etc. The data are based on a study of an area in which only part of the 
transformers had arresters. 


121 


American Gas and Electric Company to install 
arresters on all transformers regardless of size.”’ 


Summary 

(1). Data on the magnitude and frequency of 
occurrence of arrester discharge currents afford a 
basis of estimating the duty on distribution arresters. 

(2). A comparison of the voltage allowed by the 
atrester and the safe strength of the transformer 
indicates that the arrester is capable of giving ade- 
quate protection to the transformer. 

(3). Interconnection should be used in order to 
capitalize on the capabilities of the arresters and make 
the protection independent of resistance of the light- 
ning arrester ground. Data from service indicate that, 
compared with standard connection, solid intercon- 
nection reduces the rate for transformer failure by 59 
per cent, and the rate of fuse blowing by 67 per cent. 
Solid interconnection is preferred to gapped inter- 
connection and should be used wherever possible. 

(4). In order to obtain a more certain protection, 
it is desirable to control the potential of the trans- 
former tank by connecting it to the lightning-arrester 
ground either directly or through an isolating gap. 

(5). The common neutral system with intercon- 
nection of arresters and grounded tank gives the best 
protection and also reduces the hazard to the con- 
sumer. 

(6). The length of the leads in series with any type 


of lightning-protective device should be as short ag 
possible to minimize the inductive drop. _ - 4 
(7). The reduction in the costs of transforme; 


_ maintenance is sufficient—together-with a decrease ip 


the number of service interruptions and reduction of 
hazard to the consumer—to justify the use of ar. 
resters. 


(8). An appreciable amount of fuse blowing is 


expected if the fuses carry the impulse-discharge 
current of the arresters; the number blown: will 
depend on the fuse rating and lightning severity. 
(9). It is always desirable to have the resistance of 
the combined grounds on the secondary neutral low 
for the protection of the consumer from power volt- 
ages. The lowest neutral-ground resistance is pro- 


vided by a common-neutral system with multiple 


grounds on the primary. 


(1 0). Plain air gaps if set low enough to protect the 
transformer will cause frequent interruptions of serv-. 


ice and their operation may result in increased hazard 
to the consumer unless low-resistance grounds are 
available. 


(11). Protective devices which are built into the a 


transformer simplify the mounting equipment at the 


pole top but complicate the problem of transformer 


fusing and line sectionalization. In the event of 
failure of built-in protective devices, the service 
outage will be of longer duration than it would be due 
to the failure of external arresters. 


By W. J. RUDGE, JR. 
Lightning Arrester, Cutout and Capacitor 
Engineering Department 


- Pittsfield 


[os importance of protecting rotating a-c 
“machinery against traveling-wave voltages, 
- guch as those originating from lightning, 
switching, etc., is gaining wide recognition by system 


operators. A better understanding of lightning volt- 


ages, as well as the behavior of traveling-wave volt- 
ages in machine windings has made it possible to 


Fig. 1. Wound stationary armature for an 11,000-volt a-c vertical 
waterwheel generator 


greatly improve the protective plan for this type of 
apparatus. 
This article shows the behavior of traveling-wave 


voltages in machine windings, and gives details of the - 


protective scheme. It also covers such subjects as 
‘machine insulation and the sources of overvoltage. 
There is little question but that machines which are 
exposed to transient voltages should have protection. 
The problem of obtaining equipment which will 
protect rotating-machine insulation has been com- 
plicated by the fact that the impulse strength of the 


~ machine insulation is relatively low as compared, for 


example, with transformer insulation. As a result, 
it is necessary to supplement lightning arresters with 


Protection of Rotating A-c Machines Against 
./.. Traveling-wave Voltages 


PART 1: MACHINE CHARACTERISTICS 


and ; 


E. M. HUNTER R. W. WIESEMAN 
Central Station Department Motor and Generator 
Engineering Division Engineering Department 
Schenectady 


General Electric Company 


protective capacitors, and a co-ordinated scheme of 
protection using both of these devices in combination 
has been devised. 

Since early 1930, this co-ordinated scheme for the 
protection of rotating machines from transient volt- 
ages has been proving its value until now it is generally 
conceded that the protective equipment is a distinctly 
worthwhile investment. Field experience to date with 
several hundred installations has indicated its ability 
to reduce to a harmless value the transient voltages 
which result from lightning and switching. 


Synchronous-machine Armature Windings 

Synchronous-motor and generator stationary arma- 
ture windings have barrel-type coils arranged to 
form a double-layer winding with two coil sides in a 
slot, Fic. 1. In this country armature voltages of 440,. 
2300, 4000, 6600, 11,000, and 13,300 volts are in 
common use and occasionally 16,500, 18,000, 22,000, | 
and 24,000 volts are used for large machines. In 
Europe several machines have been built for 33,000 
and 36,000 volts.: Synchronous-converter rotating 
armatures usually have bar-type coils arranged in two 
layers and wound for relatively low voltages (up to 
1500 volts). Some synchronous motors and generators 
are connected directly to overhead lines, whereas all 
synchronous converters are connected to transformers. 
Switching surges do not, as a rule, affect synchronous- 
converter armature windings but they should be 
considered for synchronous motors and generators as — 
will be described later. oes 


Insulation of Armature Windings | 

The insulation strength of an armature winding is 
determined by many factors such as the type of © 
insulation, spacing and arrangement of conductors, 
contour of grounded parts, maintenance, age, and 
operating conditions. Armature-winding insulation 
consists of varnished fabric or mica, both in tape or in ~ 
sheet form, and in various combinations and varnish 
treatments. Such insulation is of the dry type which 
does not resist high potentials as well as the oil-filled 
insulation of cables and transformers. The available 
space for insulation both in the core slots and around 
the end windings is limited. Mechanical supports for 
the end windings and the sharp corners of the core 
slots produce high voltage gradients in some parts of 
the insulation. Foreign materials, which collect in a 


machine usually because of improper maintenance, and 
overloading the windings are obviously detrimental to 
insulation. The inherent characteristics of these 


factors make it impractical to embody high dielectric 


strengths in machine windings; therefore, lightning 
voltages or any abnormal voltage must be kept out of 
armature windings by suitable protective devices. 

Four kinds of insulation are used in armature coils— 


namely, strand, turn, tier, and ground insulation, 


depending on the type of coil. Two or three of these 
insulations are used in practically all coils, but rarely 
are all four found. Illustrations of the different types 


_ are given in Fic. 2. 


Strand Insulation. Armature-coil turns are usually 
subdivided into a number of strands, Fic. 2(b), to 
reduce eddy-current and circulating-current losses. 
The strands are insulated from one another with a 
minimum thickness of insulation from a mechanical 


viewpoint because the voltage between strands is very 


small, from a minute fraction of a 
volt in a small machine to about 


. three voltsin alarge machine. Impulse 


voltages do not appear across the 
strands, as a rule, hence strand insu- 
lation need not be considered in pro- 
tecting a winding from surge voltages. 

Turn Insulation. Under normal con- 
ditions, turn insulation is subjected 
to relatively low voltages—in the 
order of a fraction of a volt up to 
about 1000 volts—as shown in Fic. 3. 
Large machines, especially turbine 
generators, may have single-turn coils 
or bars and hence turn insulation on coils of these 
machines is unnecessary. 

If a machine is subjected to abnormal impulse 
voltages, it is more economical to reduce these volt- 
ages to safe values by suitable protective equipment 
than to insulate the turns to withstand these voltages. 
The impulse-voltage strength of turn insulation varies 
with the type and size of a coil and the machine 
voltage. It is approximately 20 to 60 per cent 


(a) 


Fig. 2. Strand, turn, tier, and ground insulation of alternating-current armature coils 


of the machine rms voltage with a minimum of 


500 volts. 

Tier Insulation. Small machines wound for relatively 
high voltages require an armature coil with a large 
number of turns. Some of these coils are not wound in 
single tiers as in Fic. 2(a) and 2(b), but in two or more 
tiers or layers as in Fic. 2(c). The normal voltage 
which the tier or layer insulation must. withstand is 
not very high because the voltage per turn for this 
type of coil is usually low. When a steep voltage wave 
enters the winding, however, practically the entire 
voltage is impressed across the tier insulation of the 
terminal coils. Coils of this kind, therefore, are 
vulnerable to surge voltages and should be supplied 
with adequate protection: Fic. 4 shows approximate 
kva ratings of 60-cycle machines between 4000 and 
7000 volts which may have multiple-tier coils. For 
example, a 10-pole 60-cycle 200-kva machine may 
have single-tier coils, Fic. 2(a), for 4000 and 5000 


f TA” 1 Stee x 
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Ground. 
insulation 


volts, but for 6000 and 7000 volts, it may have mul- 
tiple-tier coils, Fic. 2(c). The curves in Fic. 4 are 


approximate. In fact, there may be considerable varia- . 


tion in machine ratings at a given voltage for the 


dividing line between single- and multiple-tier coils — 


in accordance with the type of machine and its service. 
Thus for voltages between 4000 and 7000 volts and 


capacities of 400 kva or less, machines may have. 


multiple-tier coils. Fortunately, coils of this type are 
used rather infrequently at the present time and then 
only on small machines below 7000 volts. 


Major or Ground Insulation. Transformers and simi- _ 


lar oil-immersed apparatus have inherently greater 
insulation strength than rotating machines. The ratio 


of the allowable impulse-test voltage of a transformer. 
to the 60-cycle test voltage is usually two or more, : 
but in the case of rotating machines this ratio is taken 


as unity. 


When selecting the protective plan, it has been the - 
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(a): Six-turn coil with turn and ground insulation. (One strand per turn.) 

(b): Four-turn coil with strand, turn, and ground insulation. (Four strands per turn.) 

(c): Twelve-turn coil with turn, tier and ground insulation. (Half-back-wound with one 
strand per turn.) 


practice to use the crest value of the machine 60-cycle 
high-potential test as a basis for estimating the 
maximum allowable impulse voltage. 


Response fo Traveling-wave Voltages() 

When a traveling wave is impressed on the terminals 
of a rotating machine, it produces localized stresses in 
the winding, which, if not limited by protective 
devices, may result in an overstressing of the insula- 
tion. The points of greatest stress are in the line 
terminal coils, the coils adjacent to the neutral end 
on Y-connected windings, and midway between 
terminals on A-connected windings. 

Under 60-cycle sine-wave excitation, the impedance 
of the machine winding may be considered a pure 
inductance. All machine windings, however, have in- 
herent capacitance, both between turns and from the 
turns to the sides of the slot. This capacitance is small 
and of too high an impedance at normal frequencies 
to be of any significance. It has, however, an important 
influence at higher frequencies. 

When a steep-front transient is impressed on 
the machine winding it causes charging current to 
flow in these capacitances. This charging current 
produces relatively high voltages, especially in the 
line terminal coils. The distribution of the voltage 


(1)Voltage Oscillations in Armature Windings Under Lightning Im- 
pulses,’ by E. 
pp. 1587-1601. 
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Boehne, A.J.EZ.E. Trans., vol. 49, no. 4, October 1930, 


occurring across the first turn. 
Once a traveling wave has been established in a 
machine winding, the winding responds in a manner 


_ similar to a short section of a transmission line. The | 
“winding exhibits the properties of electrical length 
-and surge impedance. The laws of reflection and 
refraction of waves at the terminals of a transmission 
litie also apply to the terminals of a machine. 


When a surge enters a Y-connected machine on one 
phase of the winding only, it encounters at the neutral 


the surge impedance of the other two phases in 


multiple. Under these conditions, the neutral voltage 
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Fig. 3. Approximate normal turn voltage of synchronous- 
machine stator windings 
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Fig. 4. Voltage curves representing the approximate dividing lines 
between the use of armature coils of the single-tier construction 
(below the curves) and multiple-tier (above the curves) 


will be as a maximum of the order of two thirds of the 
incoming voltage. With equal waves entering two of 
the phases simultaneously, the neutral voltage will be 
four-thirds the incoming voltage. With equal waves 


entering all three phases simultaneously, the neutral 


voltage will double. 
_ With a A-connected machine winding, the voltage. 
doubles at a point midway between line terminals 


_ when equal waves reach the machine simultaneously 
_ Over two or more lines. 


Equivalent Circuits 


The transient circuit of a rotating-machine winding ° 


is considerably involved as there are many paths by 
which the impulse can traverse it. The exact equiva- 
lent circuit of the winding is too complicated to be of 
use in analysis.-However, there are approximate cir- 
cuits which have been verified by test that:can be 
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between the turns is not uniform, the highest voltage 


used in calculating the response of rotating machines 
to traveling waves. 

For calculating the propagation of transients 
through the armature windings, the machines may be 
represented as a short transmission line with a surge 
impedance and a finite electrical length. For calculat- 
ing the distribution of voltage in the line terminal coils, 
the capacitance network of the coils must be known. 


Surge Impedance) 

Only a limited amount of information is available 
on the surge impedance of rotating machines. This 
has been obtained from tests using the surge generator 
and the cathode-ray oscillograph. One of the common 
methods of measuring surge impedance is to ground 
the machine neutral through a resistance and deter- 
mine what value of resistance reduces the open- 
circuit neutral voltage to half value. This resistance 
prevents reflection of the voltage and is equal to the 
surge impedance of the winding. 

While there is no simple formula available for 
determining the surge impedance of a winding from 
the machine design constants, a list of the measured 
surge impedances, using the cathode-ray oscillograph 
and impulse generator, is given in Table I. 


TABLE I: MEASURED SURGE IMPEDANCES 


Measured 
rated | Machine Machine ‘Turns Surge 
Vollase Rating Manufacturer Foil Impedance 

& per Circuit* 


—  ———— - | —— = — I. 


6600 12,500 kva |General Electric 
Company 1 200 

13,800 | 25,000 kva |Westinghouse 

Electric and 


Manufactur- 
ing Company 3 365 
2200 40 hp General Electric 
Company 5** 685 
24,000 | 15,000 kva |General Electric . 
Company 9) 1000 
6600 1,400 kva_ |General Electric 
Company 6 800 
2200 60 hp General Electric 
Company 14+ |: 1600 


_ ™*Surge impedance per phase of a multicireuit winding is approximately 

the surge impedance of one of. the circuits divided by the number of 

circuits. 
**Special winding. 


tHalf-back-wound coil. (All other machine windings have straight-wound — 


coils.) 


The impedances vary from 200 to 1600 ohms with a 
range of 200 to 1000 ohms on machines above 1000 
kva rating and with the higher values associated with 
multiturn windings. An approximate expression of 
the surge impedance is the square root of the quotient 
obtained by dividing the circuit inductanee by the 
circuit capacitance. Certain factors in machine design 


have a direct bearing on the magnitude of the imped- 


ance. These are: : 
(1). Number of turns per coil. 
The -surge impedance increases directly with 
the number of turns per coil, other factors 
being equal. This results from the fact that the 
inductance of the coil varies as the square of 
the number of turns. 


(2)**Tests on Lightning Protection for A-c Rotating Machines,” by E. M. 


Hunter, Hlectrical Engineering, vol. 55, no. 2, February 1936, pp. 137-144. 


(2). Number of circuits per phase. 
The surge impedance per phase of a multiple. 
circuit winding is approximately the surge 
impedance of one of the circuits divided by 
the number of circuits. 

(3). Voltage rating. 
The surge impedance increases tt increased 
voltage rating. Increased voltage requires 
increased insulation and, consequently, larger 
slots which tend to increase the inductance 
and decrease the capacitance. 

(4). Kilovolt-ampere rating. 
The surge impedance may increase or decrease 
with the kilovolt-ampere rating, depending 
upon the individual design. 


The number of turns per coil and the number of 
circuits per phase have the greatest influence in 
determining the surge impedance. The surge imped- 
ances per circuit may vary in value from 200 to 1000. 
ohms. The particular value to be used in any given 
case may be selected from a review of the design con- 
stants of the winding.. 


Equivalent Electrical Length 

The time required for an impulse to traverse an 
armature winding from its line terminals to neutral is a 
definite measurable quantity and can be expressed 
simply. Time may be expressed as distance divided 
by velocity. From studies of rotating machines with 
the surge generator and the cathode-ray oscillograph, 
it has been shown that the average velocity of prop- 


-agation of waves in machine windings is approxi- 


mately 10,500-mi per sec. The equivalent length of 
one turn of the winding considered as a short section 
of transmission line is expressed by 


pe (— Let Ls) inches (1) 
10 


where L-=stacked length of armature core, including 
ducts, in inches. 
Li=mean length of turn of the coil in inches, 


Thus, the time required for the wave to travel the 
length of the winding 1s: 


t=1.5 TL 10° (2) 


where JT is the total number of turns in series per 
phase per circuit of the winding. 


Constants for the above equations can be obtained 
from the machine manufacturer. The time can be 
approximated by the following expressions: 


pay for a Y-connected machine (3) 


f=V3 i Me Pe for a A-connected:machine (4) 


where Ky is obtained from Fic. 5. 


E =the rms terminal-to-terminal machine voltage. 


: Natural Period and Frequency of Winding © 


The conception of natural period and frequency ; is 
based on the following considerations: 

If equal waves enter the three phases of a machine 
winding simultaneously and if the neutral of the 
machine is ungrounded, the waves will travel to the 


neutral, reflect positively, and return to the terminals. 
If the terminals of the machine are not grounded, the 


waves will reflect negatively and return to the neutral, 
reflect positively again and upon reaching the ter- 
minals of the machine the second time, reflect nega- 
tively and will be in the position they were in when 
they first entered the machine. The time required 
for the waves to return to their starting position 


is called the period of the machine. The reciprocal of - 
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Fig. 5. Factors for determining natural frequency of machines 
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Fig. 6. Capacitance network of a straight-wound coil 
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the period ‘is calied the natural frequency of the 
machine. The period for a grounded-neutral machine 


is equivalent to twice the length of one phase of the 
winding. For* an ungrounded neutral machine it is 
four times the winding length. It may be expressed as 


~P=K 1.5 TLX10~ seconds (5) 

where Ke 2 for a Y-connected machine with grounded 
‘neutral 

_k=4 for a Y-connected machine with isolated 
neutral 


k =3.46 for a A-connected machine. 
The natural frequency in cycles per second is 


F Ge ees per second — (6) 
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Fig. 7. First-turn terminal voltage 


FU EA) oe O 
Turn voltage = g 
C; SE C, 


where 
Co=V 2Ci Ce tanh lV ae (n— 1)| 


Cz =capacitance between turns 

Cg =capacitance to ground 

For lightning transients E ones, 
Z1+Z2 


For switching transients 
E =crest of line-to-neutral voltage 
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Fig. 8. Reduction factor for first-turn voltage 


Capacitance Network of a Mulfiturn coil 

The capacitance network of a straight-wound coil 
is shown in Fic. 6. Cris the capacitance between turns 
and 2C, the capacitance between turns and ground 


and may be figured from the well-known formula for 


a parallel plate condenser. The equivalent capacitance 


of this network viewed from the first turn is 


VET am (A o-0] 


where 2 = number of turns per coil. 


The voltage across the first turn is 


= 'E=Co 
Cit Co 


(8) 


where £ is the instantaneously applied voltage. 


The capacitances C: and Cg vary with the shape of 
the conductor and the thickness of the coil-and-turn 
insulation. In most machine-winding designs, the 
conductor is either square or rectangular in cross- 
section and, if rectangular, the width probably does 
not exceed twice the thickness for a good mechanical 
design. 

Curves for estimating the first terminal-turn tran- 
sient voltage in per cent of the applied transient voltage 
for various ratios of insulation thickness and conductor 


shapes are given in Fic. 7. These curves apply for 


straight-wound multiturn windings with five or more 
turns. A reduction factor to be applied to the esti- 
mated turn voltage for coils with a smaller number 
of turns is given in FiG. 8. 


For traveling waves with steep fronts and a crest 


of E volts which reach the machine winding over a 
surge impedance Z, there will be a change in the crest 


voltage at the machine terminals due to the difference 


in the surge impedance of the machine winding and 
the overhead line or cable. The voltage applied to the 
capacitance network previously described will there- 
fore be 

2E Ze 


ZitZe 


(9) 


Equation (9) should be used with the curves in: 


Fig. 7. 

It should be appreciated that these equations give 
maximum values and if the wave had a slope front 
the stress on the end turn will be lower. 


Attenuation 

A surge is both attenuated and distorted when 
traveling through an armature winding. The laws 
governing this phenomenon have not been estab- 
lished and consequently formulas for calculation are 
not available. | 

However, it is known from tests that short, otisned 
Waves attenuate much more rapidly than waves with 
long tails. A test showed that a machine having 
Z=200 ohms and a winding five microseconds in 
length reduced a chopped wave to approximately 


- 20 per cent of its original value in traversing 10 per 


cent of the winding. 

In calculating the propagation of surges through 
machine windings, attenuation and distortion are 
usually neglected. The calculated results, therefore, 
are conservative. 
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Lightning Arrester, Cutout, and Capacitor 
Engineering Department 


: | _ By W. J. RUDGE, JR. 
| | 
| Pittsfield Works 
} 


| 
N previous articles, natural lightning and its char- 
| acteristics were considered.) (@)(9)(0) Detailed 
i knowledge of the effects of lightning on overhead 
| lines was presented with a consideration of the ways 
| | and means used to prevent damage to lines and 
i | substations. 
i Rotating machines are subjected to these same 
i lightning voltages when connected to exposed over- 
head lines either directly or through transformers, but 
| owing to the comparatively low insulation which can 
| be incorporated into this class of apparatus, as well as 
| the fact that machine windings behave as distributed 
| circuits, a special treatment for such apparatus is 
t| necessary .(1)(12)(18) 
| 
| 
I 


Wh 
Bit » 


Machines Connected Directly to Exposed Lines 
It has been pointed out that if a steep-front long- 

| tail wave is allowed to enter the machine winding, 
| the voltage to ground throughout the winding will de- 
| pend on the machine’s neutral grounding impedance. 
| Machines may be classified as follows: 
| | (1). Solidly grounded neutral or grounded through 
| | resistance less than the combined surge impedance of 
| the winding. 

| (2). Isolated neutral or grounded through resistance 
l] equal to or greater than the combined surge imped- 
| ance of the machine windings, or inductive reactances. 

For the sake of simplifying this article, machines 
connected in A will be classed in the isolated-neutral 


(3)‘*Lightning Protection of Generator Transformer Units,’’ by J. H. 
Hagenguth, Electrical World, February 1, 1936, pp. 21-24. 
ee (4)‘‘Effect of Transient Voltages on "Power Transformer Design,’’ Part 
HT Ait) IV, by K. K. Palueff and J. H - Hagenguth, A.I.E.E. Trans., vol. 51, no. 3, 
HI HII} September 1932, pp. 601-615. 
| HH (5) ‘* The Thunderstorm,” by E. A. Evans and K. B. McEachron, GENERAL 
2 ELECTRIC REVIEW, vol. 39, no. 9, September 1936, pp. 413- 425, 
HH) (6)‘*The Lightning Stroke: Mechanism of Discharge,’ by K. B. McEach- 
| ron and W. A. McMorris, GENERAL ELectric REVIEW, vol. 39, no. 10, 
| October 1936, pp. 487-496. 
| (7) “Lightning Surgés on Transmission Lines—Natural Lightning,’’ by 
Dr. W. W. Lewis and C. Foust, GENERAL ELECTRIC REVIEW, vol. 39, 
no. 11, November 1936, pp. M 54a ES. 

(8)*Protection, of Transmission Lines Against Lightning: Part I: aheoes 


| 
| 
aE 4, April 1937, 180-188. 
! Be ()**Protection of Transmission fines Against Lightning: Part II: Operat- 
ing Practice and Experience,’’ by’ . Lewis, GENERAL ELECTRIC 
REVIEW, vol. 40, no. 7, July 1937, pp.- 314-318, 
(10) “Protection of Stations Against Lightning: Part I,-by L. V. Bewley 
and W. J. Rudge, Jr., GENERAL ELEcTRIC REVIEW, vol. ‘40, no. 8, August 
Hi 1937, pp. 363-371. 
| I (11) Protection of Rotating A-c Machines Against Traveling Wave Volt- 
Ta ages Due to Lightning,’ by W. J. Rudge, Jr., R. W. Wieseman, and W. W. 
Lewis, A.1.E.E. Trans., vol. 52, no. 2, June 1933, pp. 434-440. 


| i (12) ‘Surge Protection for Rotating Machines, "by J. F. Calvert, A. C. 

TE Monteith, and E. Beck, Electric Journal, vol. 30, no. 3, March 1938, pp, 91-94. 
tt (18) ‘‘Effects of Lightning Voltages on Rotating Machines and Methods of 
AE Protecting Them Against Lightning,” by E. Beck and F. D. Fielder, A.I.E.E,; 
| 
| 
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Trans., vol. 49, no. 4, October 1930, pp. 1577-1586. 
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group, remembering that reflection will occur in the 
middle of the winding rather than at the end, and 


machines grounded through impedance may fall into © 


either class, depending on the value of the impedance. 


Grounded-neutral Machines 
The diagram (Fic. 9) shows the plan of protection 


for grounded-neutral machines. The selection of the 
capacitor and arrester located at the terminals is 
made on the ee that waves which arrive over the 


eveesed line directly | 
connected to machine| 
| 500 ft 


i. = 
approx 


A OOO ue 
Approx 


breaker 


® Necessary only with grounded- 
neutral connection and capacitance 
less than 0.5 microfarads — 


Fig. 9. Machines connected directly to exposed overhead lines 


2000-ft section of line adjacent to the machine are 
limited to approximately 24% Ea (in which Ea is the 
crest value of the maximum nameplate voltage rating 
of the arrester). ’ 

In this illustration the limitation of voltage is 
indicated by line-type arresters placed at 2000 and 
also at 500 ft from the generator. The selection of 
2000 ft is arrived at by both theory and test. This 
distance allows approximately four microseconds for 
the line arrester to operate before reflections from the 
capacitor reduce the incoming wave at the line 


arrester. This distance also makes it possible to . 


utilize the surge impedance of the line between the 
line arrester and capacitor to obtain the charging 


rate for the capacitor. Fic. 10 shows the voltage to. 


which the capacitor will charge when placed at the 
terminal of a machine having a length of winding L in 
microseconds. It should be noted that for any assumed 
wave shape applied to the capacitor, the crest value 


= : 


é 


ot: the voltage to which the capacitor will charge is 


directly proportional to the crest value of the applied 


“wave. It follows, therefore, that placing a limitation 


on the applied wave as to its crest value is a matter 


‘ of economics, since the cost of the capacitor increases 


approximately as the square of the voltage rating. It is 
apparent that for the higher voltages it is desirable to 
keep the capacitance small. Hence, for the higher- 
voltage grounded-neutral machines, it will be more 
economical to use a small capacitance (in the order of 


0.1 microfarad) to prevent turn stress—in parallel with 


an arrester which will limit the value of an entering 
wave—than.to use a large capacitance without the 


| [z= 800 C=0.14mF 
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Fig. 10(a). Reflected voltage at neutral of machine having length of 
winding LZ and terminal capacitance C 


arrester in parallel. This type of protection can be 
used because no positive-voltage reflections occur at 
the neutral when the neutral resistance is equal to or 
less than the combined surge impedance of the wind- 
ing. For low-voltage machines where the capacitor 
costs are not so high, the use of a large capacitor, 
0.5 microfarads or more, dispenses with the need of 
an arrester in parallel. 


Nongrounded Neutral or A-connected Machines 

The problem of protecting ungrounded neutral or 
A-connected machines (Fic. 9) is much more difficult 
than that of protecting machines whose neutrals are 


grounded. This is obvious when it is considered that a 


machine winding may have a length of 50 micro- 
seconds and a reflection point for the waves may 
be 50 microseconds removed from the point of voltage 
limitation which is at the terminal of the machine. 


It is also apparent that where the waves which enter 
the winding may reflect approximately to double 
value at the neutral, the entering voltage wave must | 
be held at the line terminal to one-half the allowable ! 
impulse machine voltage. The difficulty of this | 
problem can further be appreciated when it is con- | 
sidered that the crest value of the operating voltage 
is & and that in order to prevent positive reflections 
from exceeding the allowable impulse voltage, any 
device which is placed at the terminals to limit the 
incoming wave must hold the voltage to 1.06£ or less. | 
since present-day arresters cannot operate between «| 
such narrow voltage limits, some other means of ob- 
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Fig. 10(b). Reflected voltage at neutral of machine having length of 
winding Z and terminal capacitance C 


taining a lower impulse voltage must be used. It is 
apparent that by placing a limit on the impulse 
voltave which could reach the machine from the line 
and by placing a sufficiently large lumped capacitance | 
at the machine terminals to ground, the capacitance 
will act to reduce the impulse voltage. 

To aid in the selection of the value of the capac- 
itance, the curves in Fic. 10(a) and 10(b) have been f 
plotted to show the voltage to which the capacitor 
will be charged through a line of 500 ohms surge | 
impedance (Fic. 10(a)), and machine impedances 
Z2 of 800 and 200 ohms whose length in microseconds 
L is known. These curves show both the voltage at 

| 


the line terminal of the machine and at the neutral 


as the result of a 0X40 wave entering all phases of 
the machine simultaneously. A similar curve (FIG. 
10(b)) is plotted for the case where a double-circuit | 
line has a combined surge impedance of 250 ohms per | 
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phase and machine impedances of. 800 and 200 ohms 
per phase. These two sets of curves cover the range 
of line-surge impedances and machine-surge imped- 
ances most frequently encountered in service and 
enable very close estimation of the degree of pro- 
tection measures which must be adopted to obtain 
the necessary reduction in voltage for any particular 
installation. In these curves the machine length is 


‘given in microseconds time required for the voltage 


to traverse the winding and the curves are plotted 


‘for machines whose lengths vary from zero to approxi- 


mately 40 microseconds. 


Overhead Ground Wires 

The selection of protection equipment located at 
the terminals of the machine is based on the assump- 
tion that the incoming surges shall be limited to 
2.5 Ea for distances of at least 2000 ft from the 
machine. As was shown by Bewley,® if it is decided 
to protect the machine against direct hits within the 
2000-ft section, it is necessary to install overhead- 


ground wires which extend from machine locations 


over the 2000-ft area. This overhead-ground-wire 
shielding should be installed in accordance with the 
principles outlined previously.&U% Where proper 
clearances and low tower-footing resistances necessary 
for shielding can be obtained, an arrester at 500 ft is 
not necessary. However, where proper clearances and 
low tower-footing resistances cannot be obtained, a 
second set of line arresters at 500 ft will provide an 
additional safeguard against damage to the machine. 


‘When arresters are used at 500 ft, their grounds should 


be tied in with the overhead-ground wires. In all cases, 
the grounds of the line arresters at 2000 ft and the sta- 
tion arrestersshould betiedin withthe overhead ground 
wires, the capacitor ground, and the machine frame 
and common station ground. By bonding all grounds 
together, the loss in protection associated with high 
arrester ground resistances can be largely overcome. 


Machines Connected Through Cables 

In some cases, cables are used between the exposed 
ovethead line and the machine bus. As the surge 
impedance of the cable Z3 is usually lower than that 
of the line Z, the entering wave will have its crest 
reduced as it passes into the cable. If, however, the 
cable section is short compared with the entering 


- wave, successive reflections will take place in the cable, 


building up the voltage in steps. : 
The front of the entering wave, if a sloping front, 


will be modified by the cable. The extent of this 


modifying or sloping effect may or may not be 
sufficient to prevent excessive turn stress in the 
machine. In order to determine whether or not the 
initial wave will be too severe for the turn insulation, 
the wave entering the winding should not exceed ¢1 
which is the maximum allowable impulse voltage per 
turn at the time 7; where 


Ce 
C= 
Lia-Zs LotZs 


and 7,;=the time required for the wave to traverse 


the turn or turns considered. This equation may be 
stated in terms of the wave on the line, if it is desireg 
to know the maximum allowable rate of voltage rige 
of the line wave. The voltage of the wave onythe line 
Zi at the time 7; on the front of the wave should not 
exceed 


(Z1+Zs) (Z2+Zs) 


Baten ie 
PIs aaa LFF. 


Where the initial rise of voltage obtained from the _ 
formula just given is greater than the allowable turn. 
voltage, a lumped capacitor is required to further a 


slope the front of the wave. 


In some cases, the front of the wave may not be - 
steep enough to cause excessive turn stress, yet the ~ 


voltage may build up to a crest value which is danger- 


ous for the major or coil insulation because of the . 


successive reflections which take place. 

Where the machine length in microseconds is long 
compared to the length of the cable Z3 and the length 
of the cable in turn is short compared to the length 
of the incoming wave, the voltage at the machine 
may rise to a crest value above that which is per- 
missible on the major insulation. Under these condi- 
tions protective measures should be employed at the 
machine. 

In order to obtain the most economical use of the 
available protective devices a line-type arrester 
located at approximately 2000 ft from the junction 
of the overhead line and cable will reduce both the 
wave applied to the cable ‘through the surge imped- 
ance of the line and the voltage in the cable and 
machine: Where the reduced voltage appearing at the 


machine by virtue of the cable is not below the value | 


permissible for the machine, a lumped capacitance 
should be installed between the cable and machine. 
The capacitor will serve to reduce both the front and 
crest of the wave entering the machine. 


Overhead ground wire should be installed over the 


2000 ft section of overhead line between the line 
arrester and the junction of the overhead line and 
cable. Where the importance of the installation is 
such that the overhead ground wire cannot be 
economically justified, a second line- “type arrester, 
located 500 ft from the junction of the overhead line 
and cable, will aid materially in reducing the voltage 
applied to the cable—particularly any voltages which 
are the result of strokes or side flashes within the 
2000-ft section. 


Machines Connected Through Inductance 

In some instances it has been proposed to utilize 
lumped inductance between the machine and over- 
head line as a means of modifying the traveling waves 
entering the machine, particularly where feeder 
reactors, series coils of regulators, etc., are used. 
Small values of inductance have little effect in modify- 
ing the wave. Hence, in the case of feeder regulators 
or feeder reactors of a low inductance, it is necessary 
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to place a lumped capacitance C at ne machine to 


obtain sufficient sloping of the wave to prevent 
excessive turn stress in the machine. The use of the 
inductance in such cases does not dispense with the 
need for the shielded zone of 2000 ft and the line-type 
arrester at the endof this zone. If inductance and capac- 
itance are large, there will be a greater modification 
of the wave and in some cases the change in the wave 
may be great enough to dispense with the shielded 
area, in which case an arrester is required on the line 
side of the inductance to protect the bushing and 
winding of the inductance against voltage reflections 
from this point. 


In some cases “where lumped inductance and 
capacitance are located between the exposed line and 
machine, there may be an overshoot of the voltage 
on the machine unless the surge impedance and length 
of the machine is such that the oscillations are 
damped out. To prevent the rise in voltage from 
exceeding the permissible impulse voltage for the 
machine, conservative practice therefore requires the 
use of a special arrester having low breakdown char- 
acteristics in parallel with the lumped capacitance. 

In general, it has been found that where the use 
of a lumped inductance has-been considered as a 
means of protecting the machine, no lumped capaci- 
tance being used, the amount of inductance required 
for lightning protection is so large that it gives an 
excessive reactive drop under normal operating condi- 
tions. Furthermore, economic considerations have 
usually favored the use of a lumped capacitance. 


Lumped Capacitance 

In the majority of cases it has been found that a 
lumped capacitance placed at the machine is the most 
economical and efficient method of both modifying 
the front and reducing the crest of the incoming wave. 
The curves in Fic. 10(a) and 10(b) show the voltage 
which will exist at both the terminal and neutral of 
the machine in terms of the incident wave. Keeping 
in mind that the allowable impulse voltage on the 
machine is approximately the crest of its high- 


potential test voltage, and also knowing the value of 


the incident voltage wave allowed by the line-type 
arrester placed 2000 ft out, both the terminal and 
neutral voltage for any value of terminal capacitance 
may be determined. Also, these curves will show the 


amount of capacitance necessary to maintain any 


desired margin of protection. The curves are based on 
a 0X40 wave passing the line arrester at 2000 ft and 
charging the capacitor. The reflected voltage at the 
neutral is shown for windings having length Li and 
surge impedance Z,=800 and 200 ohms; for lower 
values of Z2 the voltage in the machine winding will 
be less. | 

Machines utilizing single-turn coils where the insu- 
lation between coils is the same as the insulation to 
ground do not require the adoption of special means 
for sloping the wave front. 


Machines Connected to Exposed Overhead Lines 

Through Transformers 

Transformers are not the barrier to lightning tran- 
sients that they were once thought to be. When a 
traveling wave is impressed on the line side of the 
terminals of a transformer a transient voltage occurs 
on the generator side which may damage the machines 
connected to it. 


Lightning-transient voltages entering a rotating 
machine from an overhead line by way of a trans- 
former consist of four components, two oscillatory, 
one electrostatic, and one electromagnetic. 


The two oscillatory voltage components are rela- 
tively low in magnitude and frequency and have very 
little deleterious effect on the insulations used in 
rotating machines. 


The electrostatic component of voltage usually has 
a very steep front and is slightly longer than the 
front of the applied wave. Its magnitude may exceed 
what is considered to be a safe voltage for the machine 
insulation. This component of voltage mainly affects 
the turn-and-coil insulation on the line-terminal coils 
of the machine. A voltage sliver of this nature attenu- 
ates very rapidly in traveling into the machine winding 
and by the time it reaches the machine neutral, it is 
so small that it can be neglected. 


The electromagnetic component of voltage contains 
the major part of the energy in the transmitted wave, 
and may be dangerous to the machine insulation. For 
all three-phase transformer connections except the 
Y-Y with both neutrals grounded, the electromagnetic 
component is induced between two of the three phases 
and cancels at the machine neutral so that no neutral 


protection is required. 


The majority of transformers used in generating 
stations are connected Y-A with a A connection on 
the generator side of the transformer. In order to 
present a clearer picture of the transmitted voltages 
under consideration, cathode-ray oscillograms are 
shown (Fic. 11) of the measured transient voltages to 
ground at the three generator line terminals and at 
the neutral of a 12,500-kva 6600-volt turbine-genera- 
tor. These voltages result from the application of a 
1 X5.6-microsecond 10-kv-crest positive wave to one 
phase of the high side of a Y-A transformer connected 
to the generator terminals. These oscillograms show 
the various components of voltage and the division 
of electromagnetic component as previously des- 
cribed. It is particularly to be noted that the electro- 
magnetic component is induced between phases. The 
neutral voltage obtained, results from the electro- 
static component of the transmitted voltages which 
are attenuated and elongated as they pass through 
the winding and which, being of like polarity, do not 
cancel at the neutral. The transformer neutral was 
ungrounded for the test shown. Other tests indicated 
that the same electromagnetic distribution of volt- 
age was obtained with the transformer neutral 
grounded. 
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To show the agreement between measured and cal- 


culated voltages, the electromagnetic component of 


voltage to ground has been calculated and is shown 
in Fic. 12. 

For the protection engineer who is interested in 
calculating the transient voltages which may enter his 
machine windings by way of the transformer, J. H. 
Hagenguth®) has prepared and presented a set of 
general curves and a few simple equations which will 
permit an estimate of the protective requirements for 
the rotating machines. These are as follows: 


Electrostatic Components of Voltage 

The curves in Fic. 13 may be used to determine 
the electrostatic component of voltage. This compo- 
nent of voltage is obtained at the instant of impact of 
the traveling wave on the transformer terminals. An 
approximate transient equivalent circuit is as shown 
in Fic. 13. It consists of the line and generator surge 
impedances (Z;) and (Zz), respectively, and capaci- 
tance (C;) between the high-voltage and low-voltage 
windings, and the capacitance (C2) between the low- 
voltage winding and ground. Z; is usually of the order 
of 400 to 600 ohms for overhead lines. Values for Z 
were given in Table I. For medium and large machines 
the range is from 200 to 1000 ohms. 

These curves ignore reflections of the waves at the 
machine neutral. This procedure can be justified on 
the score that these components of voltage attenuate 
and elongate in traveling through the machine so that 
they are of relatively small magnitude by the time 
they reflect back to the line terminals. 


Electromagnetic Components of Voltage 
The curves in Fics. 14and 15 may be used to deter- 
mine the electromagnetic components of voltage trans- 


mitted through three-phase banks of transformers, 


subjected to the impact of traveling waves on one, 
two, and three line terminals. If equal waves are 
applied to two line terminals simultaneously, the 
secondary voltage will be the same as when the wave 
is applied to only one terminal, although different 
secondary phases will have different voltages impres- 
sed on them. If the wave is applied to all three line 
terminals simultaneously, and a A-winding connec- 
tion is used on either or both the primary or secondary 
sides, no electromagnetic components of voltage will 
be impressed upon machines connected to the second- 
ary winding. With a Y-Y connection with either of 
the neutrals ungrounded, no voltage is transmitted 
through the transformer. — 

Curves are given for estimating electromagnetic 
component of voltage with (1) no protective capaci- 
tors on machine terminals (Fic. 14) and (2), with 
capacitors on machine terminals (Fia. 15). 


Electromagnetic Component of Voltage—No Low-side 
Capacitors 


The electromagnetic component of the surge 
voltage at the generator terminals is a function of 


~ 


® 


the short-circuit inductance and turn ratio of the 
transformer and the surge impedance of the high- 
voltage lines and the generator winding. 


The amplitude factor A and the maximum rate of 
tise A/t of this component are plotted. on cutves in 


Fic. 14 as a function of the natural front Ts of the 


transtormer-generator combination for applied waves 
which reduce to half value in 5 and 40 microseconds. 


‘HOKv.CREST 


Fig. 11. Oscillograms showing distribution of voltage on 
generator side of Y-A transformer resulting from impulse 
to one phase of the line side of the transformer 


The use of the terms A and A/t permits a general 


solution irrespective of the turn ratio of the trans- 


former, the actual voltage applied, the type of bank 
connection, etc. These factors are taken care of as 
shown in Equation.(11). The natural front JT: expresses 
the time during which the generator terminal voltage 
due to the electromagnetic component rises to 95 per 
cent of the maximum, if a long, rectangular wave 
were applied to the high-voltage terminal of the 
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transformer. The numerical value of T2 can be found 
from: 
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Fig. 12. Measured ‘and calculated electromagnetic component of 
voltage to ground on low-voltage side of Y-A transformer 


Conditions of test: 
Circuit as shown in Fie. 11. 
Test wave 1 X5.6-microsecond 10-kv-crest positive wave 
Transformer turn ratio =5:1 
Transformer inductance =0.018 henries 
Generator surge impedance =200 ohms 
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Fig. 13. Electrostatic component factors determining impulse 
voltage at generator terminals 


A =amplitude and #:,/C:Z:=time to reach maximum. C; represents the 
total capacitance between high-voltage and low-voltage winding, C2 repre- 
sents the total capacitance between low-voltage winding and ground, 
including any capacitance connected from low-voltage terminals to ground. 
Values of C: and C2 vary over a relatively great range, depending on the 
kva, voltage rating, and design of a transformer. The value of the capac” 
itance of the low-voltage winding to ground (C2) varies between approxi- 
mately 0.001 and 0.005 microfarads for power transformers of 5000 kva and 


above (the lower value is obtained for the higher low-side voltage ratings). 


The value of Ci is about one to one third that of C2 for a range in transfor- 
mation ratio of 1:1 to 10:1. This means that the electrostatic component is 
more dangerous when rotating machines are connected to transformers with 
high turn ratio. Z; is the surge impedance of the high-voltage line per phase 
and Zz equals the equivalent surge impedance of the generator winding 
per phase. Z1 is usually of the order of 400 to 600 ohms in the case of overhead 
lines. The value of Z2 ranges between 200 and 1000 ohms for medium and large 
machines. When these values are known, the ratios C2/C1=a and Z2/Z2 =6 
can be evaluated. 

The maximum voltage across Zz is given by the solid lines as a function of 
the ratio of the capacitance C2/Ci with Z2/Z; as parameter (that is, a=1 and 
b =1). (e2) max =A =28 per cent of the maximum voltage at the high-voltage 
terminals). Similarly, the time which it takes to reach this maximum value 
lg given by the dotted curves as 41/Z1Ci (that is, for a =b =1, t: =0.82 Z1Ci). 
These values hold for waves with rectangular fronts. For waves with slower 
fronts the maximum amplitude is considerably reduced. 


where 1X =per cent transformer reactance 
f=operating frequency 
kv = operating line-to-line voltage of generator 
kva=capacity of transformer bank 
r=transformation ratio from high- to low- 
voltage system (line-to-line) 
Z,=surge impedance of high-voltage line per 
phase 
Z2= equivalent surge impedance of generator 
winding per phase. 


The first two constants can be obtained from the 
nameplates of the machines. Approximate values for 
Z, and Z, have been given. 

In order to obtain the line-to-ground voltage at the 
generator terminals for actual amplitudes of the 
applied waves in kv, the values of A and A/t obtained 
from Fic. 14 have to be multiplied by 


Multiplication factor =0.815 Xkv X soodaia 

Z1[7?+Z2 
where kv, 7, Z;,and Z, are the same constants as given 
for Equation (10) and F is a factor depending on the 
type of bank connection tabulated in Fic. 14. M 
represents the maximum voltage which can pass the 
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Fig. 14. Electromagnetic component factors determining 
impulse voltage at generator terminals 


A =amplitude and A /t =maximum rate of rise 


CO ett ey a 


“kw? (s old lines 


1.60} |ce? Gotted! lines) 
< 140} 
i 
= 1.20 
= oo SSNS to 
$° ANAS = 4 1005 
2 oso Wet 
ee Sa ee oy 
E oooh et Le 02 © 
<a 3 
ae | | 0.6: 
20M bet Ltt ty 10 
Port sae 20 


ae ee ee 
02 04 06 08 1.0 


Fig. 15. Capacitor may increase amplitude factor of surge voltage 
when connected for protection of turn insulation 
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protective equipment on the high-voltage side of 
the transformer expressed in multiples of normal 
crest voltage from line to ground. The value of W@ 
will depend on whether special protective equipment 
on the high-voltage side is provided, such as lightning 
arresters and gaps, or whether the transformer 
bushing limits only the voltage rise at the high-voltage 


terminals. The magnitude of M for transformer bush- 


ings is approximately 5.8 for the 40-microsecond wave 
and 8.5 for the 5-microsecond wave. Owing to the 
much higher amplitude of the 5-microsecond wave, 
the resulting maximum voltage at the generator 
terminal is often higher for the 0X5 wave than for 
the 0X40 wave. 


Electromagnetic Component of Voltage with Terminal 
Capacitors 


The use of a.capacitor in.a circuit where it may be 


_ charged through an inductance such as may be repre- 


sented by 4the transformer winding gives rise to 
oscillations, and for complete protection an arrester 


should be installed in parallel with the capacitor to 


limit the rise of the oscillations. 7 | 
To facilitate the calculation of the rate of rise of 
voltage at the machine terminals with a capacitor 
connected between the generator and transformer, 
set of curves is given in Fic. 15. | 
To obtain the amplitude factor A, the following 
two equations have to be used: 


(2 Z1/r® Ze ) 
© 23j4\38 Zi/P +2.) 
wo” ike CZ: 


a/wo=0.4. eee. 
; \V th 


for a 40-microsecond wave 


and 


lee 


where T2, 7, Z1, Z, are values used in Equation (1) 
and C equals capacitance from generator terminal to 
ground in microfarads. | 

To permit the drawing of curves of a uniform scale 
a?/wo? was not extended beyond a?/wo?=1. When 
a*/wo? is calculated to be larger than one, w.?/a? 


should be used with the corresponding set of curves. 


To obtain actual voltages, the factor A found from 
Fic. 15 should be multiplied by the multiplication 
factor of Equation (11). 


Scheme of Protection eee 

The scheme of protection” used for machines 
located on the low-voltage side of power transformers 
(Fic. 16) consists of a special station-type Thyrite 
arrester in parallel with a protective capacitor (see 
Summary). The capacitor is for sloping the transmitted 


(14)‘*Protection of Rotating A-c Machines,’’ a discussion by K. K. 
Palueff, A.J.E.E. Trans., vol. 52, no. 2, June 1933, pp. 455-460. 


“wave, and the special arrester is for the purpose of: 


limiting the crest value of voltage to which the Capaci- 
tor may be changed. If no arrester were used in Paralle] 
with the capacitor, certain conditions occur under 


which the capacitor might build up to higher voltages 


than could be safely withstood by the thachine 
insulation. | | 


Switching Transients (15) (16) (17) 


Field tests have shown that the sudden application’ 
of full rated voltage to the terminal of a rotating | 
machine results in transient voltages across the lines 
terminal coils that is frequently of the order of 70: 
per cent of the crest of the applied line-to-neutra] 
voltage. The magnitude of the transients depends upon. _ 


the point on the normal-frequency voltage wave that 


the oil circuit breaker first makes contact. The 
transient is at its maximum when the breaker makes. 


contact at the crest of the wave. 


Transm ission 


Standard 
station-type 
arrester pro- 
tecting high- 
voltage side of 


Station- 
transformer pore 


arrester 


Station ground+= 


Fig. 16. -Machines connected through transformer to exposed 


overhead lines 


These transient voltages are not important on 
single-turn windings, but must be considered on 
multiturn windings as they cause high stresses on the 
insulation between the turns. The transient voltages 


between the line terminal coils and ground are of the | 


order of the normal line-to-neutral voltage and are of 
little consequence since the machines are insulated 
for voltages of this magnitude. | 

The problem is then one either of providing suffi- 
cient turn insulation for these voltages or of using 
some external protective device. On new machines, 
it is the general concensus of opinion that they should 
be insulated for the transient voltages that occur 
during normal switching operations. It has been only 
in the last few years that the effects of transient volt- 
ages on machine insulations has been understood and 
there is still much to be learned regarding switching 
transients and the reaction to them of the insulation 
commonly used in machines. The damage caused by 
these transients is apparently cumulative and a 
machine may be exposed many times to them before 
failure occurs. The number of times a machine is 


(15) **Protecting Machines from Line Surges,’’ by J. F. Calvert, Electrical 
Engineering, vol. 53, no. 1, January 1934, pp. 139-146. 
_ (8) “Switching Surges in Rotating Machines,”’ by J. H. Calvert and F. D. 
Fielder, Electrical Engineering, vol. 55, no. 4, April 1936, pp. 376-384. 
(17) ‘Transient Voltages in Rotating Machines,” by E. M. Hunter, 
Electrical Engineering, vol. 54, no. 6, June 1935, pp. 599-603. 
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subjected to these voltages is also directly in propor- 
tion to the number of times it is started. On applica- 
tions where the machines are frequently started, it is 
considered good practice to protect the insulation 
with external protective devices. | 

When trouble develops in machines which have 
been in service some time, it is usually less costly to 
install protective equipment rather than completely 
reinsulate the machine. ‘A further degree of reliability 
may be obtained from.old machines by reconnecting 


- the machine winding so that the neutral terminals 


become the. line terminals. Coils that may have been 


previously partially damaged will then be at the _ 


neutral end of the machine where there is less exposure 


to the switching transients. 


As previously shown, the two most commonly used 
protective. devices for rotating machines are the 
lightning arrester and the shunt capacitor. The 
lightning’ arrester is essentially a voltage-reducing 
device and as such is effective in limiting the crest 
value. of transient voltages, but has little or no 
effect on the wave front. The arrester gap must be 
set to operate above normal voltage; otherwise it 
will function continuously, resulting in damage to 
the arrester. Corisequently, the arrester will not 
function on switching transients which do not exceed . 
the spark potential of the arrester. 

The capacitor, on the other hand, is a surge reflect- 
ing device and because of this property, it can alter 
the front of the switching transients. It is the steep- 
wave-front transients that may overstress turn 
insulation, and probably the most universally appli- 
cable protective device is the shunt-protective capac- 
itor. To be effective, the capacitor must be located 
between the machine and the switch. Theoretical 
studies and tests indicate that a capacitance of the 


order of 0.1 microfarad or more between line and 


ground is sufficient to reduce switching transients to 
safe values. The capacitor slopes the wave fronts, 
which produces a more uniform voltage distribution 
through the machine winding with the result that. 
individual turns receive less voltage. | 
In applying a shunt capacitor, consideration must 
be given to the fact that it is always a potential source 
of resonant overvoltages. If there are reactors or 
transformers in the circuit between the capacitors and 
other parts of the system through which the capacitors 
may be charged either by transients caused by light- 
ning or switching surges, then arresters should be con- 
nected in parallel with the capacitors to limit any 
overvoltages that might occur. 
The equivalent circuits used in calculating switch- 


ing transients are very similar to those used in cal- 


culating lightning transients. The circuit parameters 
are the same in both cases, but in lightning investiga- 
tions, it is twice the traveling-wave voltage which is 
applied whereas in switching surges, it is the line-to- 
neutral voltage. A little consideration of these two 
voltages will show that in both lightning- and switch- 


ing-transient investigations, it is the open-circuit 
voltage that is being reduced; and, bearing this in 
mind, it is readily seen that the mathematics for the 
two are one and the same. 

The maximum rate of rise of the transient-switching 
voltage can be computed if the circuit parameters are 
definitely known. Usually in a.commercial circuit, 
they are not known with a sufficient degree of accuracy 
to make precise caclulations. Furthermore, the circuit 
connections may change from time to time and with 
these changes the rate of rise of the transient voltage 
will vary. Also, unlike lightning transients, the magni- 
tude of switching transients resulting from full-voltage 
starting are limited to the crest of the line-to-neutral 
normal-circuit voltage. Since this is true, the main 
considerations as to whether or not protective equip- 
‘ment should be used depend upon, (1) whether 
the machine is to be used on full-voltage starting, and 
(2) the amount of insulation between the turns in the 
motor. To meet all circuit conditions, it can be 
assumed that the voltage will rise to the crest of the 
line-to-neutral voltage instantly. With this assump- 
tion, transient voltages in the terminal coils can be 
readily calculated from the capacitance network of 
the coil (Fics. 6, 7, and 8). 


PROTECTIVE MEASURES AND THEIR USE 
Arresters | 
Arresters used for the protection of rotating a-c 
machinery may be divided into two classes: 
(1). Station-type arresters (special Thyrite) 
(2). Line-type arresters (usually pellet-type). 
(1). The special station-type Thyrite arrester is 
used in the station and parallels the capacitor.. These 


special arresters differ from standard arresters or 


line-type pellet arresters in that they have lower 
impulse breakdown. characteristics and are held to 
somewhat closer manufacturing tolerances. These 
arresters are built in ratings which are even multiples 
of 3000 volts; some performance characteristics are 
given in Table ITI. 


TABLE II 


CHARACTERISTICS OF SPECIAL STATION-TYPE 
THYRITE ARRESTERS FOR PROTECTING 
ROTATING A-C MACHINERY 


Gap Breakdown* 


"Linectoground 60-cyele Bécate..| 10K, Per | IR at 1500 
3 m 
Gye | down crest)” | "RES RRS a 
3 7 11.5 8.5 
6 13.6 23 17 
9 20.5 29.5 25 
12 26 36 34 
15 36 45 42.5 


_ *Special station-type arresters are used in parallel with protective capac- 
itors, which assures that the rate of voltage rise will not exceed 10 kv per 


microsecond. 


Station arresters are required where the capacitance 
used is selected for the reduction of turn stress only, 
usually in the order of 0.1 microfarad, and in cases 
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where there may be an overshoot of voltage in the 
circuit due to the presence of inductive reactance. 


(2). Line-type arresters are used as an outpost 


guard to establish the amount of surge voltage which 
can travel into the shielded zone and be impressed on 
the protective equipment located at the machine. By 
establishing a definite level of voltage on the line, 
calculations of the voltage at the machine become 
possible, as well as a determination of the protective 
measures required at that point. The characteristics 
of the pellet line-type arresters which are used for 
this service are given in Table III. 

Arresters, whether line-or station-type, should be 
applied on the basis of the power voltage line-to- 
ground for the particular system in question. It is 
customary to allow a factor of safety over normal 
line-to-ground voltage on grounded-neutral systems, 
for the purpose of taking care of any normal fluctua- 
tions in the system voltage and the voltage rise due 
to sudden loss of load. 

On nongrounded systems it is customary to use at 
least a 73 per cent factor of safety above normal 
line-to-neutral voltage. This greater factor of safety 
is required to prevent arrester failure during the 
occurrence of a single line-to-ground fault on the 
system which results in full line-to-line voltage on the 
two arresters of the ungrounded phases. 


TABLE III 
CHARACTERISTICS OF LINE-TYPE PELLET 
ARRESTERS 
Max. Permissible : 
af 60-cycle Sparki G 
Pea cercune Potential Rime. Bieate own 1500 eae 
ik ve Average AIEE Average Average 
MW (kv) (kv) ; 
3 6 LZ BAZ 
6 9 30 14.3 
9 16 48 22 
12 19 60 29 
15 22 65 35 


Where unusual conditions prevail, it becomes 
necessary to determine the maximum line-to-ground 
voltage before a proper selection of arresters can be 
made. Often where voltage conditions are severe and 
the permissible voltage level of the machine is low, 
it becomes necessary to effect a compromise between 
the rating of the arrester selected and the permissible 
impulse level allowed for the machine. By selecting 
an arrester of lower rating, a greater margin of pro- 
tection will be obtained. However, by so doing, a 
greater risk of arrester failure will be incurred. As the 
cost of the machine usually exceeds by many times 
that of the arrester, it may be preferable to select the 
arrester having the better margin of protection, even 
at the risk of arrester failure. 


Capacitors 

Capacitors are used for lightning-protective equip- 
ment because of their ability to resist sudden changes 
in voltage. Where the surge impedance of the line 


can be used in series with the capacitor, ‘it becomes 


possible to determine both the rate of voltage rise and 
the crest value to which the voltage will rise for 
given impressed wave. The capacitors which have 
specially designed for the protection of ‘ totating 
machines are different from ordinary Capacitor units 
in that they have a much higher test voltage, as 
well as a special type of winding which reduces to a 


any 


negligible value the inherent inductatice of the unit. 
Units are built in the ratings and for the capaci- _ 


tances indicated in Table IV 
TABLE IV 


Maximum Permissible Line-to- 


ground Rating (kv) Microfarads per Pole to Ground 


Two or More Machines Connected on One Bus 

Where two or more machines are connected to one 
bus, the protective equipment may be located on th 
bus common to both machines. : 

Often the question arises as to how far away from 
the machine the protective equipment may be located 
without affecting the protection. It should be kept in 
mind that the machine winding may have a length of 
1 to 50 microseconds and that in the case of isolated 
neutral machines it becomes necessary to provide 
protection for a neutral as much as 50 microseconds 
removed from the line terminals and the protective 
equipment. The protective capacitors slope-off and 
limit the entering waves, so that a matter of a few 
hundred feet separation should have little, if any, 
effect on the protection provided the protective 
equipment is placed in the path of the incoming surge. 
With increasing separation, it becomes more and more 


important to have a common grounding system for the - 


protective equipment and machine frames. 


Machines Connected to Exposed Lines, Directly and 

Threugh Transformers 

Machines which are connected to exposed lines, 
both directly and through transformers, require the 
protection of the arrester and capacitor in parallel on 
the machine bus, as well as the limitation of voltag 
on all directly connected exposed feeders. | 

Where the protective scheme requires a station- 
type arrester on the bus, it will usually be necessary 
to replace any existing bus arresters with a special 
station-type arrester, in order to gain the desired 
low-impulse breakdown voltage vital to this class of 
protection. 


Reactors or Regulators(18) 

Where rotating machines are connected to exposed 
overhead lines through either feeder regulators or 
~ (18)“Cathode Ray Gecutoere ea Study of the Operation of Choke Coils on 


Transmission Lines,” by . McEachron, GENERAL ELECTRIC REVIEW, 
vol. 32, no. 12, December 1929, pp. 668-673. 
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been - 


‘7 
eo 
4 
a | 


current-limiting reactors, the requirements for pro- 


tection of the rotating machines will in general be the 


same as those outlined for directly connected, exposed 
lines. However, as some wave reflections may occur 


at the series coil of the reactor or regulator, protection 


of the regulator or reactor requires a set of line-type 
arresters located at the station and connected on the 
line side of the regulator or reactor. The line arresters 
at 500 ft may be.omitted but the arresters at 2000 ft 
should always be used. Where regulators or reactors 
are installed between the exposed line and the machine, 
the equipment.should always include the special 


_Thyrite arrester connected in parallel with the 


capacitor to prevent a reasonant rise. of overvoltage. 


Machines Connected to Exposed Lines Through 
Cables (19)(20) 

Where machines are connected to exposed lines 
through cables, the capacitor and special station-type 
arrester is required and should be located on the 
machine side of the cable terminal. The line-type 
arresters should be placed at 500 and 2000 ft from the 


_junction of the overhead line and cable. The overhead 


ground wire, where used, should be connected to the 
cable sheath and the sheath should be tied into the 
common station ground, the capacitor and arrester 
grounds, and the machine frame. 


Short-circuit Protection for Arresters and Capacitors te 
Prevent Bus Fault 


Wherever possible, the protective equipment on 
the bus, or at the terminals of the machine, should be 
located to benefit by any existing relay or differential 
protection. It is not desirable to connect the equip- 


ment directly to the bus without means of disconnect-- 


ing it in the case of a fault. In some ratings, fuses are 
available which have adequate interrupting rating 
and low enough resistance to make them suitable for 


~ connecting in series with the capacitors. In the higher 


ratings suitable fuses are not available and it becomes 


10) **T ling Wave Voltages in Cables,’’ by H. G. Brinton, F. H. Buller 
and W J reudes aor BM os Trane. vol. 52, no. 1, March 1933, pp. 121-132. 

(20)**Tmpulse Tests on Substations,”’ by R. N. Southgate, A. S. Brookes, 
E. R. Whitehead, and W. G. Roman, A.J.E.E. Trans., vol. 50, no. 2, June 
1931, pp. 561-567. 


- Through Y-Y6@) 


necessary to utilize either a circuit breaker or else 
locate the equipment so as to utilize the existing 
differential short-circuit protection for the machine. 

In the event that the short-circuit protection re- 
quired is of such high current interrupting rating 
that its economic use is questionable, it may be more 
economical to apply the protective equipment at the 
terminals of each machine, thereby utilizing any 
differential-relay protection which is available. As 
far as lightning protection is concerned, one set of 
protective equipment on a bus common to the two 
machines will be adequate as the addition of ma- 
chines in parallel only serves to reduce the amount 
of surge voltage appearing in the machine terminals. 


SUMMARY OF RECOMMENDATIONS FOR PROTEC. 
TION OF ROTATING MACHINES FROM 


LIGHTNING 
PROTECTIVE EQUIPMENT 
Machine(1),. |" Ree 
Exposure to Transformer Neutral c ; Special (2) 
i i i : apacitance arn 
Lightning Connections Gounection ps Station 
Microfarads ‘Reetee 
Direct 
Connection @) Grounded .1 or more|] Yes(@) 
to Overhead Ungrounded |0.5 or more} No 
Lines 


Transformers |Y-A, etc. |Grounded or more} Yes 


0 
0 
0 
Ungrounded |0.5 or more} Yes 
. |0 
Y-A, etc. |Ungrounded |0 


1 
5 
Y-Y (5) Grounded .1 or more| Yes 
5 
1 
1 


or more| Yes 


Through 

Transformers 

and Direct |Y-Y(5), Y-A| Grounded 0.1 or more} Yes 
Connection etc. Ungrounded |0.5 or more} Yes 
to Overhead 

Lines (®) (”) 


()If protective equipment is to do duty for more than one machine and 
if any machine neutral in group is ungrounded, ungrounded-neutral protec- 
tive equipment should be selected. ; 

(2)Lower gap breakdown voltage than on standard statiou-type arrester. 

()Line-type arresters should be located on each exposed feeder at points 
500 and 2000 ft from the station or from the line end of the incoming cable. 

(4) Arresters may be omitted if capacitor exceeds 0.5 microfarad. 

(5)Both neutrals grounded. ees 

(°)Feeder regulator and reactors. Where the machine is connected to an 
exposed line through a feeder regulator or reactors, the same protection as 
that required for machines directly connected to exposed lines should be 
used, except that—in every case—a station-type arrester should be con- 
nected in parallel with the capacitor and line-type arresters should be 
placed at. the junction of the exposed overhead line and the line terminals 
of the reactors or regulators. ; J : 

(7)Overhead ground wires should be installed for a distance of approxi- 
mately 2000 ft from the station on exposed feeders directly connected to 
machines. 
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